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ABSTRACT

| between ground stations. The topic that are reviewed are:

PHILCO WDL-TR2017 UNCLASSIFIED
INTERSTATION DATA

TRANSMISSION STUDY- 1G4 pp including illusts.
FINAL REPORT A/C AF04(695)-113

'This report summarizes the data transmission capabilities
1. Characteristics of typical equipment
2. Characteristics of transmission media

3. Comparative evaluation of performance
4, Improvement through coding

Results are presented in chart form, vherever practical,
in order to facilitate use of this information.

PHILCO

THIS UNCLASSIFIED ABSTRACT IS ORSIGNKD FOR RKLTENTION IN A
STANDARD 3-9v-5 CARD~SIZE FILE, IF DEKSIRKD. WHNERE THE
ABSTRACT COVERS MORE THAN ONK $IDK OF THE GAND, THE ENTIRE
RECTANGLE MAY BX CUT OUT AND FOLDED AT THE DOTTED CENTEA
LINE. (IF THE ARSTRACT 1S CLASSIFIED, NOWEVER, IT MUST NOT
BE REMOVED FHOM THE DOGUMENT IN WHICH IT 18 INGLUDED.)
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FOREWORD

This Technical Documentary Report on Definitive Contract AF04(695) -
113 has been prepared in accordance with Exhibit "A" of that contract
and Paragraph 4.2.2 of AFBM Exhibit 58-1, "Contractor Reports Exhibit,"
dated 1 October 1959, as revised and amended.

This report was prepared by Philco Western Development Laboratories
. in fulfilling the requirements of Paragraph 1.2.1.2 of AFSSD Exhibit

61-27A, "Satellite Control Subsystem Work Statement," dated 15 February
1962, as revised and amended.
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SUMMARY

Suminaries of the various sections of this report are given in the

following paragraphs:

Characteristics of Typical Equipment

In this section, the operational characteristics of equipment de-
signed to transmit data through a single voice channel are summarized.
The additional equipment necessary to tramsmit a number of voice chan-
nels of data over radio networks is not considered. Ten different
equipment models are reviewed. Some of the characteristics that are
summarized include: type of modulation, requirements placed on trans-
mission medium, transmission rates, equalization provided, size, weight,

prime power requirement, etc. The summary is in chart form.

Characteristics of Transmission Media

The typical characteristics of the media through which data is

transmitted are considered in this section. Some of the media that

are considered include: wire lines, HF radio, microwave line-of-sight,
and the various scatter propagation techniques. Since the character-
istics of these media are usually expressed in different terms, a chart
approach was not feasible; instead, each of the media are discussed
briefly. This section is important since the requirements of some of
the equipment summarized in the preceding section may be incompatible
with the characteristics of certain of the media.

QOmparative Eyaluation of Performance

The selection of one type of equipment out of the various types
available is a complicated procedure in which the specific requirements
of the customer play a key role. In this section, the various types of
equipment are rated in terms of maximum data transmission rate, relia-
bility: error rate, and availability. These criteria can then be
weighted in order to compare the overall performance with the customer's

needs. An example of this type of approach is given.

i
k
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Improvement through Coding

When the allowable error rate is very small, coding is essential.
In this section, error detection and error correction for both white
noige and burst error intérference are considered. It is concluded that
long word length codes (100-500 bits) with error detection is the most
promising technique, but that a feedback path is required.
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' SECTION 1

INTRODUCT ION

1.1 GENERAL

This report consists of a summary of the capabilities of data
transmission systems used between ground stations. Since this is a
summary, most of the information was obtained through a search of the
existing literature. In order to present this information in a con-
cise form that can be used by the systems engineer, wherever possible
the results are presented in a large chart so that a quick comparison

of systems can be made.
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SECTION 2
DIGITAL DATA TRANSMISSION EQUIPMENT

2.1 GENERAL

The characteristic and specifications of ten data transmission
systems are suramarized in Table 2-1. This table is arranged to provide
easy compariscn of particular characteristics or specifications. The
categories are self-explanatory. Only systems designed to operate
from conventional voiée channels (about 300 to 3000 cps) have been

considered.

The data used have been taken only from manufacturer's literature
and from other reports (as referenced), so there are some gaps in
the table, and some of the data may have been revised by the time the
information in this table is used.

The systems shown in the table are designed for transmission

. over wire lines, although most of the systems can also be used over

radio links with addition of suitable radio equipment. For example,
Lenkurt supplies a second ''Duobinary' system, the HF2X, for use over

radio links. It is similar to the 26B, but it accepts, or converts,

.serial data into 16 parallel channels for transmission. Diversity

reception is used to increase communication reliability.

PHILCO

WESTERN DEVELOPMENT LABORATORIES
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RIXON

“SEBIT' 24 B DATA MODEM  _ _ _ __

LENKURT
“DUOB INARY =DATATEL" 26 B DATA TRANS-
MISSION SYSTEM _ e -

ROBERTSHAW- FULTON

‘l‘hoory of 0pautlon (Hodul-tlon
& Demiodulation)

Twoslevel vestigial sideband

[AM system with ite carrier at 2500
cps and utilizing the lower side-
band.
detection. followed by synchronous

Receiver uses amplitude

sai@pling ahd regeheratidn of the
received data in both time and
amplitude.

M éystem using three-level
'pulses. The 3-level pulses are
obtained from the original binary
data through the Duobinary coding
process. The coded signal occupies
only half the bandwidth of the
loriginal binary signal, and permits
error detection without redundancy.

TUASE "MULTLLOK" o

TABLE 2-|

HIUH SPEED BINARY

DIGITAL DA

SIROMBERG CARLSON

DATA TRANS-

CEIVER MODEL §+C-301

Uses non-synchronous phase-
shift keying and coherent detection.
The information is contained in the
amount of subcarriefr phase shift.
An extra phase posttion is required
to eliminate ambiguities, so 3
phase positions are required for
sigplex operation and 5 posttions
for diplex operation. Frequency-
division tultiplexing can be used,
with each channel (subcarrier)
operating at 75 bauds (simplex)

[or 150 bauds (diplex), or a single
high-speed channel can be used.

pulses.

Vestigisl sideband AM and
eavelope detection, using J-level

Oparaticnil Modes

Full duplax-b wite; or half
duplex with manual or automatic
coatfel on transmit-receive on 2
wite basis. "Sepath” {s available
for HF radio or other medis appli-
cations.

This {s for wire cummuni.ation
applications. HF2X {s available for
HF radio or ocher media applications.

Non-synchzonous (simplex)
operation at half-channel .apacity,
synchronous (diplex) at full
channel -apacity.

sioh Media Requiremencs

-

"Voice gude wire communica-
tion facilities: Acttenuation:
3 db down at 900 cps,6 db down at

600 cps; 3 db down at 2300 cps, 6

db down at 2500 cps (2200 cps
cartier). Delay: 1 ms or less at
800 cps, 1 me or less at 2350 cps,
2 ma or less at 2700 cps with

delay frequency.

respect to 1500 to 1700 cps minimum

Frequency response: with
equalizers, 900-2300 cps, + 3 db;
400-2700 cps, + 6 db; without equa-
itzation, 900-2500 cps, + 1 db.
[Envelope delay: with equalizers,
within 1 ns froo 800-2350 cps, and
jwithin 1.7 ms from 600-2700 cps;
jwithout equalization, within 0.3 ms
from 9002500 cps. Line impedance
600 ohms nominal at 1000 cps. Line
S/N (s sighal power-to-rms white
[noise power) ratio for bit error
rate of 1 x 1073: 16 db at 2400 bps
jand 10 db at 1200 bps.

s undard t elephone

facidicies.

Transmission Rates

Serial: 600. 1200, 2400 baud
with internal clock (others avail-
able, specisl); 500-2500 baud with
external clock,

600, 1200, or 2300 bps synchro~
jnous, or up to 1200 bps asynchronous.
Serial transmission .

Max: 1500 bp: aon- lynchronous.
3000 bps synchronous. (With 20
simplex and 40 diplex channels,
parallel trassmission.)

transmission.

components.

2400 + 50 bps, serial synchronous
Other rates can be
used b, substituting plug-in

Size, Haigh:

8-3/4" high, 24" deep, in
standard 19" rack; 117 1bs.

For 1 diplex wodem, and power
supply: standard 19" wide, 15-3/4"
high, 13-1/2" deep.

Approx: Transmitter - 10"
Hx2"Wx 10"L; receiver - 6"Hx2"Wx10"L
(two inputa each). Cabinet with 20
non-synchronous (40 sync) channels
and power s:pply ~ 21"x24'x60" high.

Cabinet: 11-1°2
vide 18-1/2" deep.

and cabipet.

Rlck mountiag

available.50 1b. with pover supply

120v AC + 10% ar. 45-€5 cps,
115 watts miniwum

P74 6% volos oC,
transmitter 20 watts

receiver 20 watts

50 t~ 6y cps

117V AC +10% at 60 cps
30 watts if used with externil
pover supply (+12V and =12V aom,)

Primary Input Requirements

Delay équalizer not incladed.

Equaligation Envelope delay and amplitude Equalizers available as modular
equalizers ‘ncluded. plug-in components (amplitude and
! phase). *
| Data Input and Level +5 to + SOV mark, -30 to +1/2V Binary signal amplitude EIA T uf .,;:5 rlh Tu;‘)movr HJ“
PR alBUeeL Informecion 2 che. | sandard 33 2o 220 vt (oher (et 2ol e 17 g
: +12V) binary input. !ax. spacing
period {s 16 bits., .l synchronie
tation signals required.
o N
]
[3) S — — S —— e DR
: Input Impedance Greater than 5000 ohos. Approximately 5000 ohus, 10.000 chms (mom.)
: N o "0 dbm max. (50% modulatiom). | <6
= Output Level «20 to + 3 dbm, ~24 to +6 dbm, adjustable. to + 10 dba.
< — — - - - - — - = ———— e —r——e T
: Output Impedance 600 ohms. 600 ohms (balanced). 600 ohms. 600 ohms balanced. 601
" | 1nput Level ~35 to +5 dbm (AGC). M -40 to 0 dbm adjustable. Short N 36 to -\4 ‘dbw and =16 to +6 dbm
term vartations 10 db above and in two ringes.
20 db below adjusted level.
: Inp"'; lmd:n:; - 600 ohwzs, balanced B T “| 600 ohwms. balanced
> bucﬁ»: Level 45V mark, OV space 410 volts (other options available. ) “ark impulse output: spprox.
z 20 us rise time, 24 us width at
" base, 11 volts positive going with
w _ =1l volts as rtfmnce,
' Jutpuc Impedance 600 ohas 3000 ohms (other options available) 820 ohme, T
|
Carcier Frequencies i 2500 or 2200 cps for 24 or 1100 to 2300 cps. | 2750 4100 s,

1200 bps (lower SB trsnsmission):
2200 or 1600 ¢ps for 600 bps
(double 58 transmission).

Square wave, positive going

Clock Input Level: minimum SV peak-to-peak
square wave (500 to 2500 cpe); edres coincide with bit transitions,
{mpedance: greater than 5000 ohms, |at data bit rate. Amplitude +3¢to
20 volts; impedance approx. 5000
ohms (other options available).
Clock Qutput hvcl~ v puk to~pe-k square Square wave at data bu rate, pulse width at b

wave at bit rate: impedance:
600 ohms.

positive going edges coincide with
bit eransitions. 4+ 10 volts into
3000 ohmse (other™ options avail-
able).

erence; 50 us max, §

Svnch onigzat on

R;étnver synchronized to tnhl-
it clock. 15 seconds max. time
equlred for automatic bit

ization

hetwasn 2350 and 24!

Eavironmental Conditions

A-bunt temperature - o° m

... Texp. range




threa-lavel
pulsds are

tginal binary
dinary coding
signal Sccupies
ich of the’
11, and permits
»ut redundancy.
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TABLE

STROMBERG CARLSON
Hiull SPEED BINARY DATA TRANS-
CEIVER MODEL §-C-301

AT&T

“DATA PHONE" DIGITAL SUBSET

2-) DIGITAL DATA TRANSMISSION EQUIPMENT CHARACTERISTICS

HALLICRAFTERS
CTDS~2400/M2C

MIT LINCOLN LABORATORY

| "'COBY" DATA TRANSMISSION MODEM

Uses non-synchronous phasa-

amount of sybcartler phase shift.

to éliminate ambiguicies, so 3
phase positions are required for
simplex operation and 5 positions
for diplex operation. Frequency:
division multiplexing can be used,

with éach channel (subcartier)

operating ac 75 baude (siSplex)
of 150 bauds (diplex), or a single
high=speed chanael can be used.

shift keying and coherent detection,
The informicion is contained {n the

AB extra phase position is vequired

Vestlgial sideband AM and

pulses.

envelope dateccion, using 3-level

receiver.
provided.

FSK system, available on lease
from commercial telsphone companies|to-9 bite) and differentially co-
|Binary data is accepted at various

rates, and i{s regenerated in the
No synchronization {s

techoiqu
ronous detection.

from the receivad signal.
by Lincoln Laboratory.

Uses code translation (5 bits-|

‘herent phase-reversal modulation
, together with synch-
The code trans-
lation provides error detectiom,
and s masns of recovering timing
Designed

A more recent and improved
'version of the CIDS, using 4 bic*
to-5 bit code translation.

ani<ation

s available for|
ia applicationss

(simplex)

operation ;: half-channel capacity,
synchrqnous (diplex) at full
channel capacity.

Two-wite dialsup service, £
use with switched plant on a tol
basis-alternate 2-way operation.

tion poasible. Mod
(o 100 wpm); 2:low
bps; 3-high speed, to about 1000
bps.

l-telety;

2

Algo, 4-wire leased facility operas|

, to 180

or

monitoring capability.
pe
single comiunication chanael.

Simplex or duplex operation.
1 |Simplex operation possible while
still retaining a 2-wey test and
Capable of
transmitting @ultiplexed outputs
of 20 to 40 teletypewritérs on a

Foursvire circuiti betwéen
usef terminalsé.

se: with
cps, + 3 db;
without equa=
s, + 1 db,
squalizers,
2350 cps, and
322700 cpé;,
within 0.3 ms
[ne impedance
)OO éps, Liné
-tosrmg white
© bit error

db at 2400 bpd

Standard telephone faci#lities.

Fiequency responide: 800-
2400 cps, 42 db. Envelope delay:
8002400 cps, total difference in
de b any two frequencies
shall fot exceed 500 microseconds
Nét loss: cthe 1000 cps aet loss
of the éifcuit shall be not
greater than 20 db adr léss than
10 db. Circuits designed to work
into teruinal impedancés of 600
ohms resistive, balaiiced above
gtound.

)0

bps' synchro-
3§ . h

¥

@, ané pover

(Wich 20

Transmitter - 10"

Max: 1500 dbps non-synchronous,
3000 bps
simplex and &0 diplex chanuels,
jparallel transmission.)

2400 + 50 bps, serial synchronous
transaission. Other rates can be
used b, sudbstituting plug-in
<omporsats.

Cabinet: 11-

Max. about 1200 bps over

up toll service,
aission.

Serial trans-

10-1/2" high, 19" wvide, 12"

leased lines and 600 bps over dial-

1200 and 2400
transmission.

bps, serial

1200 bps (at a 1500 bad
rate). Serial transmissicn.

wide, 15-3/4"

Approx:

Hx2"Wx 10"L; recéiver - 6"Hx2"Wx10"L
{two inputs each).
non-synchronous (40 sync) channels
and power supply - 23"x24"x60"

Cabinet with 20

high.

2
‘widé 18-1/2" deep. Rack mounting
available.50 1b. with pover supply
and cabinet.

deep.

50 1b.

deep (nom.)

§-1/4" high x 19" wide x 20" S

Q t~ AN cps

117V AC +10% at 60 cps
30 watts Lif used with external
power supply (¥12V and =12V nom.)

115 v AC at 60 .pe
20 watcy

as modular
nplitude and

D;lly equalizer not included,

required for rates over 750 cps
on privite line channels. Plu,~i
amplitude equilizer available. am
standard 200=type delay equalizer

115V AC +10%, 45 to 65 cps
50 watts (nom,)

aeleded.
n
d

A-1 (DDT AND DDR)

Vestigial sideband 3
system using eénvelo,
‘Available cn lease from o
telephone companies.

" 6 tzansiiteérs ad 6 re
in one 19" x 6' open rack.

e E N §e -EQI’ wmark {mpulses (F5V ala. WA, TOT Bpace, AN r tor - = T t :g.‘ s 2.2 volts peaks —
e EIA e us max rise time) or polar | merk, for two lowar spead modes jvolts (nom). Other options avail- [to=p 0 dbm), Adjustable over E
.ts (other (either polarity, between =12V and (designed for use with teletyps- |able. ranze 1 to 5 volts pesk-to-peak. !
+12V) binary input. lax. spacing |writer), High-speed mode- O volt 1200 cps dipulses indicate msrk,
period is 16 bits. .o synchroni- | msrk, =12 volt space or +6 volt no signal {indicates s spsce.
zation signals required. mark, =6 volt spacae.
. N " 10,000 otms (nom.) 2200 ohms. 10.000 ohms (nom.) 600 ohms. 3
= 0 dbm max. (50% modulation). | <6 to O dbm. “15 to +5 dbm In 2 db & 0 dbm (0.78 volta rme fnto 600 |
ble. to + 10 dbm. ohms resistive) sdjustable =20 to
+6 dbm, 1
i T | 600 ohus balanced. | 600 ohms. T | 600 ohms, balanced or umba- 600 ohms. .
60C obms. lanced,
2 T o - — e et = T R e e T Y —
e. Short | o ) ) "36 to =14 dbm and ~16 to +6 dbm | ) <35 to +] dbm, =15 d5 nominal (=25 db to ~50b)
above and in two ranges.

ng available.

"| 600 ohms. bslanced” < |

T vk lnpulur;::':v:t':' aﬁbrox. T

20 us rise time, 24 ue width gt
base, 1l velts positive going with

18 available) |

[ Same a3 transmitter input.

“I'Same a3 transmitter data input.

"800 ohms.

| 600 otma.

11100 to 2100 cpa.

-~

1500 cps.

otng T © 7| transmcter accepts 1200 eps
transitions, sine vave.

itude ¢ 3 to

>prox. 5000

{lable),

o R ) Approx. 0.40 us ! - "7 [T tevel: same as transmitter dats | Receiver provides 1200 eps sine |
rate, pulve width at 11 volcs post- eve e . P :‘” aine
ncide with tive golng, with 91;. volts as refe %“P"t) level. Impedance; 150 chme :::s::;m“‘ from 180° phase
1ts into ference; 50 us max, jitter; 820 ohms nom.) . '

s avalle |tepedance.

. - - - '] Clock synchzonization automatic | ‘ot provided by subset. 1" Timing coherently jenerated " gone bits wma ot 3l tinles
n:f“:‘:me [between 2350 and 2450 pps. £rom master clock (recovered from ﬂ:y:.:;‘:n:’d:::“:(::";}::;“
it encaded data for recelver). {recavered €rom data.

— — - - N
° ro %0°C, Temp. range: 30-100°F,




ION EQUIPMENT CHARACTERISTICS

TAL SUBSET

HALLICRAFTERS
c‘ms 2600/“20

MIT LINCOLN LABORATORY

"oou DATA TRANSMISSION MODEM

AT&T (BELL)
A-l (DDT AHD DDR)

COLLINS

"KMPLEX" AN/GCS 4

wDL - TR20I7

COLLINS

. "KDIBPLBX" T!-Z].OD-Z

ilable on luu
phone companiesd
ted at various
fated in the
onization {s

Uses code translation (5 bics-
to-9 bits) and differentially co-
herent phase:revetsal modulation
techniques, together with synch-
ronous detect{on. The code trans-
lation provides error detection,
and a oeans of recovering timing
froth the receivad sigoal. Designed
by Lincoln Laboratory.

A move recent and improved
version of the CIDS, using 4 bit®
to-5 bit code translation.

| Vestigia
system

telephone companies.

Availible on lesse from

ld.blnd 3 level AM
ing envelope detection.

ble level phase-shift-keyed system,
bsing freq multiplexed channels

ial

(subcarriers).

jcarries 3 bits of information, so

feach subcarrier handles 3 synchfonous
b 1s. R and dynch

thhnntuuy cohnunt, mnlr.l—

Bach phase posicion |

Difhnn:uny coherent, .aul-
tiple level phase-shift-keyed
systen, using frequency amultiplexed
hannels (sub ers). Each phase
position catries 2 bits of infor-
muion. s0 each subcarrier handles
channels. Resonatofs

sanpling, ave used to piovid; the
’dit‘fuentuny coherent phas

-nd synchronous samplifg are used
to provide the differentially

tefetences for detection (| :
jwave detection; kinesatic filter-
ng).

h phase fefer for
do:octten {piedicted wave detectioh;
Hkinuutic £filteting).

ip service, for
tant on & toll
Ay operatiom,
facility operas
es: lateletype
speed, to 180
to about 1000

Slnplex or duplox op:rulon.
Simplex operation possible while
still retaining a 2:way test and
monitoring capability. Capable of
transmitting multiplexed outputs
of 20 to 40 teletypewriters on a
single communication chaanel.

Four-wire circuits bntwun
user terminals,

Serial of parallel full duplex,
continuous, unattended, at trans-
atésion rates below.

Serul or pnulhl full duplex,
continuous, unattended, at 600,
1200, or 2400 bps t

Frequency ulpmu' 800-
2400 cps, +2 db. Envelope delay:
800-2400 cps, total difféfence in
delay between any two frequencies
#hall not exceed 500 microseconds
Net loss: the 1000 cps nét loss
of the cifcuit shall be not
greater than 20 db not less than
10 db. Circuits designed to work
into tefainal impedances of 600
ohms resistive, balanced above
ground.

Liné requirements (for max data
tatea): Preq. fesponse, +3 db, 900-
3200 cps; + 6 db 550 to 3550 cps;
different #1 ms nax, 800
3300 cps, +1.4 a8 , 550~3550 cpa;
short term net losd varistions 5 db
aax. net loss-long term, 20 db;

impedance-600 or 1135 ohms nom. at
1000 cps; impulse noide threshold=12
db below rms level of composite

signal; freq. error, & 2.5 cps;

troadband (Gaussian) noise - 28 db
below TS level of composite signal,

Telephone facilities having the
|characteristics specified uadér PCC
Taiff 237, Schedulé 4A, maiatiined
in aécordance with standsrd tele-
phone system practices.

30 bps: over
J0 bps over dial-
Serial traas-

1200 and 2400 bps, serial
transmission.

1200 bps (at & 1500 baud
. rate). Serisl trangmission.

mission.

Max 1600 bps, serial trans-

Max 18 channels, each 300 bpl.
Rates - 600, 1200, 2400, 3600, 4800,
or 5400 bps (for synchronous serial
of parallel digital data trans-
uuiun).

2 6. ot 8 lynchrcnoul plnllcl
300 bps binafy chamnnels; of single
Jsynchtonous binary chasinél at 600,
1200, or 2400 bps.

19" wide, 12"

5-1/6“ ht;h x 19" wide x zb"

6 transwitters and 6 receivers

&4 dnvurl. each in case 19"

2 drave

mounted in cabinet
déép (nom.) in one 19" x 6' open rack. jwide x 8-3/4" high x 27" deep. 19" wide, 22-3/4" high, and 28-3/4"
Cabinet or rack mount. ldaep, free standing or fack wounted.
120 1bs.
115V AC +10%. 45 to 65 cps 120V AC +10%, 60 cps +10%
. 50 watts (nom.) single phase. “ugv :hc :107.. 47 to 450 cps,
) ) o 350 watts max. 208: ane.
s over cps ot Incloded. § i ~ o iaciud
annels. Plusein R ay compensator included

er available, and
delay equalizer
g7 ang U m fo'

ar spead modes

» vith teletype-
sed mode- O volt
pace or +6 volt
ce,

Totts (non). Other options availe

jable.

volts
to-pg:i- to ng“) Mjuuuhle over
range 1 to 5 voite pesk-to-peak.
1200 cps dipulses indicate u-rk
no signal {ndicates a space.

Syachronous single chnnnul urhl
{600, 1200, 2400, 3600, 0,
5600 bps), or 2, 4, B, 12, 16, or

18-300 bps_paralie hro!
dnmh? 3”:\!:::!: :cgtod evels

available - negative, polar, and
positive.

Serial: single channel synchro-
nous at 600, 1200 or 2400 bps, -1 to
+0.25 volt for binary zerc, and
+3.6 to +6.0 volts for binary ons.
Parallel: 2, &, or 8 parallel

20 bps syach. channéls, «4.0 to
«6.5 volts for binary sero and

+1 to -1 volt for binary one.

" 10.000 ohms (nom.)

" ohms nom., serial {nmput.
10,000 ohme nom., parallel input.

5000 ohus no! {al 1oputs”
10,000 ohma nom,, paralliel input.

w15 to 45 dbm in 2 db steps.

=20 to +6 dbm (varisble).

-20 to +b dbm (varhble).

" 600 ohms, balanced or unba-
lanced,

600 ohms or 1135 ohms at 1000 cps

€00 ohms +20%, 900 to 2300 cps.

<20 to 0 dom (varfable).

| =35 to 45 dbm (vartabley.

7600 or 1135 chme at 1000 cpa

600 ohte $20%1. 900 to 2300 cps.

frm master clock (vecovered from
encoded data for receiver).

Sync bits may occur at multiples
of every four data bits, Timin,
recovered from date,

er input. “Same as transmitter input, Same as transmitter date input, — e
Same as input data. Stlxilnr to data input,
[4
T 150 ohms (nom.) o 600 ohma. 600 ohms max. | o0 hme mex. i
R 1500 cp. ) 935, 1375, ISIS. 2255, 2695, ;r;& | 93s, 135, 1815 ax-id‘{f;;ci,;i" -
3135 ¢ps, depending on transaission |depending on transmission rate.
rate.
= i i il ST o T "7 [ 3polar square vaves, 3.5 to Bipoler uq aves, 2.9 to
“Tnnmﬂ!tr accepts 1200 cpa 7.5 volts pesk-to-pask at the dsta 6.8 volts pnk-to-pnk at the data
ne wave, rate; 5000 ohms nom, {mpedance tate; 5000 ohms nom. imped.
External clock (optional) input External clock (optional) in
rate 100 ke, 100 ke, freq. stadility 1x10
dsy, or gresater, 5V rms =min,,
— _ — _ 5000 ohms win.
Level- same as transmitter d Receiver provides 1200 cps sine Same ay input, but 600 chms max. | Bipolar square weves, 3.6 to 6.0
input level. Impedance; 150 chms | vave (recovared from 180° phase imped volts pesk~toepeak st dats rate,
(nom.) . changes) . 600 chme {mpedance max.
 subset,” [ Timing coherently jenerated -




high 13+172% den

| aen-
and power supply - 24"x2

wnchﬂkmu (’-0 lync) “chann
24"%60" high.

120V AC + 10% ar, 45-65 cps,
115 wacts minjmum

THr % 0% vatcs A€, S0 to 6D cps
cransmiter 20 watts
raceiver 20 watts

117V AC 410% at 60 cps
30 watts if used with external
power .upply (+12V and =12v non.)

Primavy Input Reguirements _

Equalisation

Envelope delay and amplitude
aqua s included,

Equalizers avallable as modular
plug=in components (amplitude and
phuu)

Delay oqultur “pot Includad,

1 Data !npuzand Tevel

75 €5 + 50V mark, <30 to #1/2V
space, digital information at the
bit rate.

Binary signal lmpl(tuda EIA
standard +3 to +20 volts (other
options lVllllhI.)

u
max rln time) or
(elth.r pul-rtcy, between &}

53‘2:

+12V) binary f{nput. Max. spacing
period {s 16 bits. .o synchroni-
zation sighals required,

=

]

. e - o 710,000 ohms (momy

¥ ! Input Impedance Graater than 5000 ohms, Approximately 5000 ohms, ohms (nom.

- _ .. . I _

£ ] 0 dbm max. (507- nodululon).

:‘ Cutput Level «20 to + 3 dbm, =24 to +6 dbm, adjustable. to + 10 dbm,

oy - N I P e ] _ _ B . -
600 ohms balanced.

: Output Inpndnnu 600 ohvu. 600 nhml (baunccd) 600 ohms., e ot

Taput Tevel -35 to +5 dom (AGC). A -Ao to o dbm ad]uulble. Short 36 to 14 dom and <16 to +6 dbm
term variations !0 db above and in two rain,es.
- 5 O |20 db below adjusted lavel. 1 — .

&) Ioput Impedance ) i 600 ohms, balanced | 000 chod. balanced

>} outpue Level +5v k, OV ap g “ark impulse output; approx.

- Pt mark, space +10 volts (other options available, 20 ud Eise tide, 24 us width at

- base, 11 volts positive going with

o N N . ) . _ .. ]ell volt: _reference.

:lo\xtpu: Impédance 600 ohms 3000 ohis (other options available) 820 ohis.

Carrier Frequenc 2500 or 2200 cps for 24 or 1100 to 2300 cps. 2750 +100 &ps.
1200 bps (lower SB transmission):
2200 or 1600 cpa for 600 bps

(double SB transmission).

Level: minimua SV peak-to-paak
square wvave (500 to 2500 cps);
impédance: greater than S000 ohms,

Square wave, positive going

edges coincide with bit transitions,
at data bit rate. Amplitude + 3 to
20 voits; impadance approx. 5000
ohms (other options available).

Clock Output

Level: 5V peak- Peak square
jvave at bit rate: impedance:
600 ohms,

iSquare vave at data bit rate,
[positive going edges coincide with
bit transitions. + 10 volts into
3000 ohmss (other options availe
lable).

Approx. 0.40 us rise time; l0us
pulse width at base; ll1 volts posi-
tive yoing, with 511 volts as refs
erence; S0 us max. jitter; 820 ohms
impedance.,

Synch onizat on

Rece.ver svnchronized to trans-
mit clock, 15 seconds max. time

equited for automat.c bit
\-qurnl-i,:-r"\n

betwesn 2350 and 1650 PPS.

Clock :ynchron

Eovironmental Conditions

Ambient temperature - 0° to 50°C.
Relative humidity: 90% max.
Altitude: to 10,000 ft,

Tenp. range: 53:130°F.

Special Festurse

1. Voice communication over circuit
allowed at operator's discretion.
2. Front panel adjustment of equal-
ization, with scope indication,

3. Quick-look status monitor.

4, Simple check-out procedurs, in-
tegral scope.

5» Clock slaving provided to maine
tain a remote station clock im ex-
act synchroniss with s msster clock
at a ceatral lecation, sutomaticall
6. Auxiliary equip. available for
superizposing a 2 dsts channel
for word or ge frane sy

1. Requires no receiver clock.
2. Error detection provided by :odlq
without int ng data red
therefore no 1oss of transaission
letficiency.

3. Built-in pattera generator for
cozplete systen aligaaent, and
jadjustnent of acplitude and delay
jequalizer with use of an oscillo-
iscope.

yb. Data acy be recorded directly frog

ransaiseion line and played back
hrough receiver, with any good tape

ane
aization (usually needed for coa-
munication in computer format).
7. Randon test deta signsl genara-
tor, and coumpleté perfor.ance moni-

T .
5, For 1200 bps, binary operation is
sed giving optioun systen bandwidth
gain, This inproves transmission

pover low-qnu'ti d-n chaanels.

Yy, jphase {s used to prevent anbiguity

Reference phase at receiver is deriv
led fro~ incoming carvier. A third

Lf & signal {s aomentarily lost.
igh SNR and very narrow bandwidth
iaTe claized. Can opemte oo either
la tiné 6T a frequency ml:iphx

basis ( u: non:
jous). In non: 38 Op
the ch 1s can op {nd

dently.

synchro ag signais o
required. The receiver has an
AFC systeq for automatic synchro-
aization.

Coaplexity-Relisbility-
Construction

lhu mlunble sub- uwnbuu.
viring, plug-{n connectors,
300 taternal test Jacks, with nor-
mal oscilloscope patterns provided
for aany. Mil Spec or approv-
of A +

Transistor, Plug-in modular plch.-

mnbc-typ. tnnmluet, transistor

ing. High quality Mil and indk

lcomponents. Simplicity of !ll.ﬂu-\!w
and servicing due to simple func-
kioning basic modules (a dinary sys-

Testing has shown & mean-time-be-
tween fsilure record {n excess of
7500 hours. Transistorized con-
struction.

ea, and {te associated simplicity).

« Built to high quality
jcomnercial standards, for installa-
Rion & operation under commercisl
eond{tions. Can be adapted to Mil
[Spec model. Uses plug-in printed
eircuie cards,

uu etreuury. Stwlc
pmg-u printed circuit wodules, |
A dinary system and its unuatd
sioplicicy,

lmt ll:n - ‘lohnoee o
Notse (See Section 4,2)

1te noise only; 10°5 for 19 db

F’:;’ etror rate 107> for 16.5 db SR,
SNR, combined severs delay and

amplitude variation.

Mt error rate lO’6 over schedule 4A
private line telephone ch 1 or

Requtren huh qulu:y e,ham\elt to
cal error rate.

equivalent, FM provides unmt:y to

saplitude distortion and &4 db cyclicphort term subcarrier level varfa-

kions. Line S/N ratio (rus signal
power-to rns vhite noise pover)

for bit rror rate of 1 x 10°5:16 &b
at 2400 ps, and 10 b at 1200 hpa.

Ein&l to-noise performance is
egraded by using high speed ("dipler]
pperation.

“Rearke

Price: §7500.00 fob, Silver Sprtn'
M8 Petffornance {proved from ear-
1ier codels 24A and 25, Auxiliery
units availablé for converting fac-
simile signals to synchronous digt-
tel form for improved relfsbility
a0d securs transaission, for code
conversion for special data formats,|
and for {nserting error control
coding f{n the data format.
Operationsl.

Sup.rc:du enrlier qult(mlry !ynn
Optional equip.: 1 - optionsl revr
lock available, with automatic sync
Fno manual adjustment needed regard-
less of inactive transmission time).
2 - line failure alarm, 3 - order
wire complete with 2-way signalling.
jo- universal equalizers for cor-
recting phase and amplitude distor-
tion available as modular plug-in
jcomponents, 5 - error detector,
In production and ave{lable off-
the shelf,




h b
m-Aynch s (30 sync) channe!
W power Iupply . 2¢"n24"x60” hlgh.

1L7V AC +10% at 60 cpe

30 watts Lif used with externsl
pover nupply {412V and =12V nom.)

115 ¥ AC at 60 .ps
20 watcs

Dnl-y oqunliur not included,

max T
(either polarity,
+12V) binary input,
period {s 16 bits.

4o synchroni- |

on privite line channels. Pluj=in
amplitude equalizer available. and
uundud 200- type delcy cqunllur

LYy ma Yo
mark, for two lpud modes
(designed for u ith teletype-
writer). ed mode: O volt

mark, =12 volt space or +6 volt

l'aqulrod Yor rates over 750 cpl

115V AC +10%, 45 to 65 cps
50 watts (nom.)

120v
single
J 350 va

Tt Tncluded,

holts (num;. Ochcr'ap:lom avails
able,

Phase

W‘Pgl zo dg able
range 1 to 5 3‘31:. puk-to-pukf
1200 cps dipulses indicate mark,
no signal indicates a ipice.

Inal has been reported, primarily
due to the FM deviation ratios and
the demodulation method. Use at
kdistances greater than 50 ft. from
the customer digital equip. 1s pro-
hibited, due to voice induction
coil (vhich must be switched in and
put for alternate voice), and rela-
tively high impedance (10 k) on
the digital signal lines,

zation signals required, mark, #6 volt space. availat
positiv
- 10,000 ohus (mom.) 2200 ohms. T 10,000 ohas (nom) 600 ohms. T -
10,000 ohas (nom.) 10,000
0 dbm max. (50% modulation). | <6 to 0 dbm. - =15 to 5 dbm in Z db steps. O dbm (0.78 volta rms into 600 E— _—
o+ 10 dbm. ohms resistive) acjustable 320 to -20 ¢
o L B L L |6 dbm. I )
600 ohms balanced. 600 ohms. 600 ohm.. b-lnnccd or unba~ 600" oh 600 ;h
»00 ohm . | Linced,
—_——= 36 to =14 dom and =16 to 235 t6 43 dbm. 15 db nominal (-25 db to -5db) ] .20 o
{n two tanes,
T 650 ohma, balanced ] - - "'ébﬁ'ahi;u'. Talanced of unbalanced. S0 o
*ark {mpulse output: approx. Same as transmittet input. Same as tnnmltnr input. -
{20 us rise time, 24 us width at Sadbe an
base, 1l volts positive going with
. _ . _}s11 volts as refetsnce [ o . N P S S
820 chms. 800 ohma. 150 ohms (nom.) 600 ohm. 600 ohi
2750 +100 cps. 1100 to 2100 cps. 1500 cpa. 1935, 13
3135 cps
{ rate.
e e o L — S N —— PP I — RS S __ |
Transmitter accepts 1200 éps | Bipolar
éine wave. .5 volta
rate; 500
External
raté 100
] . ] ‘”“; 3,40 “‘ "i“ Vtv";" Tous - Level- np;. u:nn-munr data T R;cciv;r rovides izoo c s:ln; § § " 7 —
pulse width at base; Ll volts posi- > N 4 °P 75“‘ a1
tive going, with -11 volts as Fef- t:op::)hvnl. 1mpedance; 150 ohms :;v: ::;:nvand from 180° phase Lixpadance
erence; 50 us max., jitter; 820 chma e anges) .
ispedance.
- - “Clock ﬁyﬁéh;nt;ydon ‘otomatic lot Viaio;lidcdrby' subset, Tlmh;g éoheréntly rf,cnlAnt;é e ———— == = E— B —
between 2350 and 2450 pps. from master clock (vecoveréd from Sync bits may occur at m}:iplu
of every fuur data bits. T<oing
encoded data for receiver). =
B L o recovered from dvea. _
- -
Tenp. range: 50-130°F. Teap.: -
Humidicy:
! A1¢1tude:
I . — R . .
TWo synchronlzing slgnals &e iﬁul;n.d Lo operate through —|Patallel operation Is avallable. - —
Beference phase at receiver is deriv |required. The receiver has an switched, (not lessed) telephone Integral
ed from incoming carrier, A third AFC aystea for autouatic synchro- |connsctions at 600 bps. 1000 bps
phase 18 used to prevent asbiguity nization. rcuim equalized private line.
if a signal i{s comentarily lost. A
High SNR and very narrow bandwidth nhphnm 13 provided for alter-
ate claized, Can operate on either nate voice operation.
a tine or a frequency multiplex ) )
asis ( or non-synchr
nous). In oon-sy P on
the 1s can oper indep
Kently.
mbe-;”. transmitter, transistor te clrcuitry. Simple  [Transistor. Simple and economical [Transistor. Modular construction, [fransistor. " Modular construction,] TSbeS — |Transistc
receiver. Butlt to high quality :l::;:n printed e;:cult modules. |terminal equipment. [printed wiring board le  pri & viring cards; resovable than the
conrercial standards, for fostalle- |} DBNEY, systen en 1ts assoctated [pover supply. pover supply. Draver m
kion & operation under commercial rcity. cuit carc
conditions. Can be adapted to il tafoed it
ISpec model. Uses plug-in priated provides
etrcufe cards. 1000 hout
ures, 15
repair, 1
preveatis
__ ) ous opert
Requires bigh quality channels to Ivny low error rates reported. Uses amplitude limiting, band fi1- ¢ error rate for Gaus-| LOTIREEEd error rate: 16> sigmal  |Eevor tal
approach theoretical error rate. tering, and center strobing to hian notse and 300 to 2500 or 3000] Uses caly o bandwidth of 1000 to |casdition
stgnal-to-noise parformance is achieve nolse Lmmnity. kps channel bandwidth: 2600 cps. 20,5 to :
Kegraded by ustng high speed ("dtpierd 1 in 103 for 8 db signal-to-noie bit erzol
bperation, tatio to 16 @
110 10° for 9 db due to t!
1 tn 10 for 10 db strated,
J Opera el. Comon-carrier sup- o Tmé;e*.&:r‘.;ﬁ.u. T T T . Used {n the SAGE" ~~ Ilessed I!
plied. Rents for $40.00/mo., plus [tute fe:»weaum Blectric Al. Uses vich
$45.00 installation fee. Consider- element-to-element comparison.
able jitter in the demodulated sig- i

b,




ps s

!li over ’SU cps -JOE Incfuaia;

channels. Pluj=in
zer available, and
e delay equalize

AR

speed modes
with teletype=
peed mode: 0 volt
space or +6 volt
ace.

LISV AC +10%, 45 to 65
0 witts (nom.)

cps

120V AL +10%, 60 cps +10%
single phase.

] 350 warts max.

120V AC +10%, 47 to 450 cps,
single phase,
2

volts (nom). Other options avails
able,

range 1 to 5 voit

“"S!_I Toputs 2.2 volts peak-
!o-pgl zo d:m) Adj\uublo over

4 pesketo-peak.
1200 cps dipulses indicate mark,
no signal indicates a dpace.

Phase delasy cmonlitoi thc).ud'.d

delsy compsnastor lnclutrl.dl“

i s}néﬁ}unéul l!;;:glc' cl;;r;r;al u;t;i
(600, 1200, ugo 3600, 4800, or

540 ., &4, 8, , 16, or
18=300 b, 1lel h

cha sPeulech aelected To
| avaiilal «~ negative, polar, snd
positive,

a i ll;lgll chunn‘l
nous at 600, 1200 or 2400 b,
40.25 volt for binary zero,
+3,6 to +6.0 volts for bmny ons.
Parallel- 2, 4, or 8 parallsl
300 bps synch. chinnels, ~4.0 to
«6,5 voles for binaty gero and
+1 to =1 volt for binaty one,

10.000 obms V(non.)

%300 ohms nou., sesrlal Input,
10,000 ohms Aom,, parallsl input,

- SUUU ohm nom.. urhl lnpu:.
10 000 ohu non.. plnllel 1nput.<

~T0 dbm (0,78 volts rms Into 600
ohms resistive) adjustable <20 to

=20 to +6 dbm (variable).

~20 to +4 dbm (vafiable),

€00 ohms, b
laced.

alancad or unbu-

600 ohii ot 1135 ohms st 1000 éps

600 ohms +20%, 900 to 2300 épa

235 to +3 dbm.

~Z00 ohma, balanced of unEn[nncea. K

-20 to 0 dbn (v-rhbla)

35 to +5 dbm (variable).

00 or 1135 ohma at 1600 . epl

500 ohm -"207. 900 to Z”O cpl.

teer input.

Same a8 transmitter 1np\u.

Sm as tnnunuur dats 1nput.

Sade as input data.

Similar to data input.

150 ohas (nom.)

600 ohuma. 600 ohms max. 600 ohwms max.
s 1500 cps. 935, 1375, 1815, 2255, 2695, and 9]5. 1375, 1815 and 2255 cps
‘ 3135 cpa, depending on transmissicn P ng on tr isséton rate.
rate.
““““ = — iT — PPOSII B - — = Blp&llr O Bﬁlpoil -

sing vave.

gmittér accepts 1200 cps

_peak-to-peak at the data
-rate: 5000 ohms nom, impedance
External clock (optional) input
rate 100 ke.

6.8 volts pesk-to-
trate; 5000 ohms nom. impadance.
J|External clock (optional) in;
100 ke, freq. stability lx10
day, or greater, 5V rms min,,
000 nin.

par

Leval -
{nput level.
{nom.) .

same ad transmitter dsta
Impadance: 150 ohms

changes) .

Receiver pravtdn 1200 cps sine
wave (recovered from 180° phase

Sane a0 tnpur. but 600 ohms max.
{mpedance.

Bipolar square vaves, 3 6 to 6 0
ivolts peak-to-paak at data rate,
1600 ohmé impedence max.

Tlﬁ:lr{g coh;reﬁilﬁ é-u}:t;a

Sync bits mey occur at multiples

Yy iugiit. n "
from taster :lfo:k (n:oveud from | f every four data bits. Timiny
encoded data for receiver). recovered from dta.
Temp.: -20°to +54°C with ovens. -mp. : 0° to $2°.
Huzmidity: O to 80% rclative, wvith= idity: O to 80% relative, with.
out condensation. out condensation.
Altitude: sea level to 15,000 fe. ltitude: O to 15,000 ft.
4 JVibration: MIL-T-4807A
[Farallel operation 1# avallable. - — -
l;.::::i)r::lqham o Integral test facility included. [Transition alarms provide relay con-
600 bps, 1000 bps tact closure for loss of input serial
ed private line. data rate timing, serial input datas,
te unattended. A serial curput dats, and for {mproper
.ovidéd: for alter- |:m-1t and receive levals. Inte-
cation. gral test facility included,
—a——
AN C T == = e o " Tiubes T T " |Transistor. Larger and more complex [Transi. . Draver mounted plug-in
(mple and econom: “!; mn‘“u . Hui lar construction, Tubes Transistor. larger and more complex [Transistor. Tawer mount ;:‘;:- n

nent.

{printed wiring b

-

H«hln ccnntmetlen. l’nnultot.

[pover supply.

pom “supply.

d wviri{ng cards; resovable

than the other, slowver, systems.
Draver mounted plug-in modu
cuit card construction., Self-con-
tatned integral test facility
provides visual error indicetiom.
1000 hours mean-time-between fafl-
ures, 15 ainutes mesn-time-to
-vepair, less than 5 hours per month
preventive maintenance for coantinu-
ous operation.

|etched wire circuit cards.
' tainod integral tast facility
provides visual error indication.
reater than 3000 hours mean-ti
between failures, less than 15 min-
utes asan-time to repair, and pre-
|ventive maint. less than 5 hours per
month for contimucus operation.

‘tates reported.

achieve noise {cxmuntty,

tering, and center stroding to

kps clunuel bandwidth:

1 fa 10 for 9 @b
1 10 105 for 10 b

eses aoplitude limiting, band £11- Ppecified bit error rate for Gaus~
pilan nofse and 300 to 2500 or 3000

1 1n 103 for 8 db signal-to-noip
ratio

‘EBetimated efror rati te: 107
uses only a bandwidth of 1000 to

2600 cpe.

omon-carrier sup- |
‘ot SA0.00/nn. . pl\u
ition fee.

.rutioml.

the demodulated sig-
portéd, primarily
eviation ratios and
n method, Use at
er than 50 ft. from
gital equip. {s pro-
 voice finduction
t be switched {n and
te voice), and rela-
edance (10 K) on

lenent

nal lines,

Troposcatter mbuth— -
:uu febwnum Electric Al.

Uses

| operational.

systm,

“Used 1n the SAGE

“[Beror rate < 10 “under favorable

.conditions. Test results {ndicate
20,3 to 26,5 db required for 1073
bit error rate at 5400 bps, and 12
to 14 db at 2400 bps. Degradation
due to the AM sync has been demon-
strated, axpecially at 5400 bpe.

" Coupatible

“{A diversity receiver, |

fication kit adapting

Modes, sre avatledle. Leased line
{probably required for sax. rvate.
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SECTION 3
THE PROPAGATION MEDIA

3.1 GENERAL
This section summarizes the characteristics of typical media through
which data is transmitted. Since this is strictly a summary, all of the

material here has been published in the literature, as referenced.

No attempt has been made to recommend a particular transmission
mode since this will be primarily determined by such factors as site
location and availability of existing networks. Instead, the character-
istics of these media are reviewed, since these characteristics may have
an effect on the selection of equipment. For example, an amplitude
sensitive system may not be appropriate if the medium imposes amplitude
fluctuations.

In discussing the propagation media, we will divide the media into
two major areas: wire communications and radio communications. These
major areas will be further subdivided as follows:

1. Wire Communications

a. Short-haul telephone calls
b. Long-haul telephone calls
¢. Exchange telephone calls

2. Radio Communications

a. Microwave telephone links

b. TIonospheric reflection (HF) radio communication
c. Ionospheric-scatter radio communication

d. Meteor-scatter radio communication

e. Tropospheric-scatter radio communication

f£. Satellite relay

3-1
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3.2 WIRE COMMUNICATIONS

When discussing the characteristics of wire communications, tele-
phone calls will be classified into the following categories: exchange,
short-haul, and longshaul,* Plots of typical values for the various

characteristics associated with each of the categories are presented.

3.2.1 Effective Channel Bandwidth

The effective bandwidth will be defined as the 20-db attenuation
bandwidth. Figure 3-1 gives the statistical distribution of circuits
having a given effective bandwidth.

100

*° \

NCHANGE

AVG = 3114 CPS

L4
LONG HAUL
AVG = 2018 CPS

o \\
70

\

\

) .
o VAL

SHORT HAUL
AVG = 2928 CPS \

) EAVAY
RN

° L
21 23 28 27 29 3 33 3§ 37
BANDWIDTH IN KILOCYCLES PER SECOND

PER CENT
g

Fig. 3-1 Cumulative distributions of 20-db bandwidths, showing
percentage of circuits having bandwidths. greater than
that shown on abacissa. (Ref., 3.1)

It is interesting to note that, of the 20 db attenuvation points,
90 percent are less than approximately 2.7 kc for both long-haul and
short haul calls, with exchange lines slightly better, (90 percent are
less than 2.85 kc).

* These terms and most of the following curves are presented in an
excellent article by Alexander, Gryb and Nast (Ref. 3.1).
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Figure 3-2 gives the general shape of the relative attenuation curve
which is divided into four portions. First, the low-frequency cutoff
which rolls off at approximately 15 to 27 db per octave below frequency
£

portion, from f2 to f3, is a linear attenuation rise,

1 The second portion, from frequency f1 to f, is flat; the third

This rise of attenuation between 1 kc and 2-6 kc vs. percentage
of circuits is given in Fig, 3-3. The fourth portion of the curve is
the high frequency roll-off. This rolls off at approximately 80 to 90 db
per octave. Figure 3-4 gives the average attenuation characteristics
for the different types of calls, The attenuation of any given circuit
i can be partially compensated for by use of attenuation equalization.
Therefore, some o0f the harmful effects of attenuation distortion can be

compensated. :

3.2.2 Envelope Delay Distortion

Envelope delay may be defined as the rate-of-change of phase with
frequency on a phase delay versus frequency plot. The envelope delay

of a linear phase would be a constant. Figure 3-5 presents a graph of

normalized envelope delay vs. frequency for the various calls. Exchange
calls, it can be seen, again have better characteristics while the longer

range circuits have more delay distortion.

Considering the frequency of minimum delay (FMD), this again varies
from circuit to circuit. This frequency lies approximately in the center
of the delay distortion curve. Figure 3-6 shows a plot of percentage of
circuits having a FMD greater than the given frequency vs. that frequency.
Figures 3-7 and 3-8 show the relationship of the percentage of circuits
and the 0.5 millisecond and 1 millisecond &eiay bandwidths.

The ranges of delay distortion for 90 percent of the circuit

Pl i M DB Y N e e e

characteristics are given in Fig. 3-9.
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ATTENUATION 1 GECIBELS =—>

Fig. 3-2 Relative Attenuation Characteristic ~
of Telephone Circuits (Ref. 3.1)
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Fig. 3-3 Difference in Decibels Between 1 kc and 2.6 kc ~-
Percentage of Circuits Having Decibel Difference :
Greater Than That Shown on Abscissa (Ref. 3.1) s B
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Fig. 3-5. Average Envelope Delay Characteristics (Ref. 3.1)
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Fig. 3-7
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Having Frequency of Minimum Delay Greater than that Shown on
Abscissa (Ref. 3.1).
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3.2.3 Reflection

The presence of reflected energy develops ripples in their
attenuation and delay characteristics. The existance of points of mis-
match and hybrid unbalance are the sources of this energy reflection, ; ;

Figure 3-10 gives the percentage of circuits having a maximum peak*to; .

peak amplitude ripple, in db, as a bar graph.

The ripple amplitude increases in the band edges where impedences El:
deteriorate. The maximum ripple seems to occur in the frequency range -y
e

of 2000 to 3000 cps. -j

3.2.4 End-to-End Frequency Shift

In some of the carrier systems, the shift in carrier frequency

becomes a problem. The systems can be divided into three groups with

} e}

respect to this problem. First are the systems whe e no particular

effort was applied to frequency synchronization. An end-to-end shift i
of + 20 cps can be expected in these systems. Second are the systems =
where some effort was exerted to synchronize circuits. The end-to-end -1 .

shift may still be as much as + 2 cps. Third are those systems where . N
there is no shift at all, The presence of shift causes difficulty in
identifying the signal output.

3.2.5 Circuit Net Loss

The loss in telephone transmission is usually measured at 1000
i cps. Figure 3-11 gives the cumulative distribution of net circuit loss
of the three types of calls.

; 3-2.6 M »_ ;
The significant types of noise on telephone circuits can be classified

into the following categories: ;

1. Baseline noise

Jroamment €

ot bl
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MAXIMUM PEAK-TO-PEAR RIPPLE IN DECIBELS

Fig. 3-10 Percentage of Circuits with Maximum Peak-€o-Peak Amplitude

Ripple (Ref. 3.1).
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Fig. 3-11 Percentage of Circuits with 1000 Cps Net Loss Greater than
) that Shown on Abscissa. (Ref. 3.1)
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2. High level steady noise
3. Impulse noise.

The level of baseline noise is sufficiently low that it has
little effect upon data transmission. These levels are usually aore

than 10 db below the signal level and may be wore than 20 db below

High level steady noise is usually associated with circuit outage.
It is at a much higher level than the baseline noise and lasts on the

order of 2 seconds.

The impulse noise is of an even higher level, often being as
large as 10 db above the signal level, and may be found in the low
baseband levels, also. Impulse noise usually occurs in burst on the
order of 40 milliseconds. Figures 3-12 through 3-14 give typical plots
of baseline and impulse noises. This type can be attributed to natural

as well as man-made causes.

3.3 RADIO COMMUNICATIONS

In radio communications, parameters of the propagation media vary
from one communication technique to another. If the same parameters
(e.g., bandwidth, frequency of operation, range, attentuation) are
examined, they will, of course, give different answers from method to
method. Tnrble 3-1 lists some of these parameters for the various media.
An attempt was made to place an upper and lower bound on the parameters.
In general, these bounds are based on information obtainable on present

equipment.

Some interference effects, such as noise and fast fading, are
common to most radio systems. Fast fading, in most of the following
media, is due to multipath transmission and follows a Rayleizh
distribution, Figure 3-15a shows this distribution where 1.253320

corresponds to the average value or 0-db fade. The fading rate is

3-10

WESTERN DEVELOPMENT LABORATORIES

oy

[ |

—

R
&

e




WDL-TR2017

$)UT] ofpey snolaep JO sidldweied I-€ 919l

9t1-¢ san8y] asg

91-¢ s1037a sag

91-¢ 2anSpy ssg

91-g #anSyy seg

‘91-¢ 9an83] uy sadhy eya 3o
sejou snid asjoy ssindel

N0
 SATIVIIY 9 34A1 25I0K

cjusdinba yeuymaaz ag3 |
uo Aj1eriuassa spuadag

‘3usndinbs yeuimar) ey3 |
wo L11v13uesss spusdag

<jusmdynba [eoymIel eq3
uo A11v1Ivesss spuadaqg

*Jusudynbe [vuimis] ay)

‘|ue Lyywyzussss spusdeq

*00sZ pur 0001
ussnIeq Lviep o8 002

P40 0052-83D 0001 HOB4
NOLL¥OLSIG Av12g IUIl

q51-€ puw wCI-¢ s3andpy 295
Sutpey girardeg

q§1-¢ pus #i- saandyy eeg.
Suipey q¥etien

SS1-€ puw ¥G1-{ smanfiy seg
Suipry Iyatdny

*qg1-¢
pus sg1=f semizy eag

“328 13d s2pe3 Q1 03 O1/1 Juipeg qiyerhey 81~ puv /1~ weand3s weg vigvd
*£311#901 puw Jeqaven YIIA
uojestWIURI) sBusyo Lww $aj1m o £4q pe3
gIsd sowde ss3j ueyl eiom -s3vdes 518A03 °1j (5 UBMAIRG

0Z-¢ an¥13 s 6Z-f 313 wes yZ-¢ ®anf3] seg 9P 001-08 PeITnuSIIY QP oyl Kyeawwyxoaddy NOLIVANZLLV

7% 0001 eujmoN
‘T 0057 wnwpxex
ye 0f  wnejuRm

‘¥ 00€-09 (wapwoN
“1® Q¢y wnmyxEy
“¥® 0 wnsjulR

‘e 09y 1ruImOy
“ym Q7L wreyxEl
‘I 097 mnajuIR

‘18 0vs  jwuymox
‘F™ 00§ wnmEER.
‘yw 00f wrmpuH

“¥R Of jeutmoN

ANIT ¥3E FONEY

2% 0oy twuymoN
(pausI1qeIsa Lyiesyd

o 1 yseyeox

33 ¢ [euywoN

*x of (eeoeR

%y > 300) 2@ 2-01 wEpERR o% 01 snapxeR 2% 0 wewEsH 38 007 wearyxwR
“YIppnpusq aoxawy 9% 007 WnwjOH 3% 01 wrwjull 2% 01 wsjulR o8 § wnwjulH HLGIMANVE
i _ ,, _ i M e
1 Eac IS8 § SEETRVAL
X §2v°9 - T6°S
2@ 0g-€ TeUTwON = 000%-007 (voymOR m 0§ 1wvojwox gy wuimog Lo B 38 BN DR & 1
(PgeI1quass Lyzwerd
2% 08-0L whuEIN 0u) Jwy 07 wnwyEeN e o1 wompxey 9% 001 wneTEER .y g2 - 62 —
ER anajuIR o oy wewjuli =07 wwjuid om 07 weeIN . o6 - o6e | AONuIbTNS ONLIVERIO
§Bﬂhm%mgmo§ ¥ALIYDS-0d0W CILIVOS WOILLM TRLIVDS-0N0T SANIT IAVAOWDIN

3-11

WESTERN DEVELOPMENT LABORATORIES

PHILCO



SUN.

it AT T s Stk sionane

WDL~-2017

Fig. 3-12 H-44 Pulse (Impulse Hoise) (Ref. 3.2)

Fig., 3-13 H-44 ulse (Twpulece Joise) (uwel. 3.2)

Fig. 3-14 Pase ine Hoise in Period of 'mpulse doise Activity,
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usually from 1/10 to 10 fades per second. Figure 3-15b shows the
Rayleigh cumulative distribution plus distribution of fading using
diversity (more than one means of transmitting the message.)

Noise is another parameter which will be discussed before entering
discussion of the various propagation methods. The prevalent source of
noise varies with the frequency band of interest. Figure 3-16 gives
an idea of what noise is pregsent in the particular band and its

amplitude in microvolts per meter.

Noise due to solar storms becomes an important factor in ionspheric
communications. When the solar storm activity is at its highest, iono-
spheric electron density becomes so great that radio waves are absorbed.
Blackouts of radio communications from these storms can last from

several hours to several days.

3.3.1 Microwave Line-of-Sight Communications

The microwave line-of-sight communication systems are composed
of antennas spaced approximately 30 miles apart; microwave is beamed
in relay fashion from one antenna to the next. In order to minimize
the effect of ground reflections, the systems are placed sufficiently
high on towers. The bandwidth capabilities of the microwave links are
nominally 30 mc wide and are limited only by reflections. The terminal
equipment dictates many of the parameters of operation such as time
delay distortion and end-to-end frequencies shift. These values depend

greatly on the type of equipment using the propagation media.

Propagation through microwave line-of-sight communication is
subject to fades. Fading in this case is due mainly to weather
conditions bending the beam between links. Fading may also be caused
by multiple-patch interference. Figures 3-17 and 3-18 give the
distribution of fades during different times of the year for two
different paths.

3-13

P H ' L C o WESTERN DEVELOPMENT LABORATORIES




x

WDL-TR2017

9__? Ty | B ans e o ! e 2t ¢ N, T T T T T T -y
4 probability density function ]

p(n».%,,,,(_z%) i

N
/

;\;;;\
/

1

]

"' ms i.;l‘-lvl — — ~ V V V V.
S mre 1.2533u(w/2)" 4
L LI7T4 = medi 4
olls . L, I I Tﬁ"ﬁ*—~=
3¢

o [ 2] 2

90 60 10 60 60 40 0 20 10 5
C= probability in percent that R exceeds the volue on the R oxis

Fig. 3-15a Rayleigh Distribution. R is the Distance to the Origin in a
Bivariate Normal Distribution. o0 is the Standard Deviation
for Either Component of the Normal Distribution (Ref. 3.4)

gy S L
1NEFERED 10 >
TARED 10 MEOMN) 1 [ {,:’ "
o - PV
1~
vl
PP A
A
//) 14
[} S— - -
4

§d‘
¢ p 20 3
~
. / 8N
LT s )2 4
Wt L’
f” A //
l/
I'd
J A //
f/ //

L
1] L 0 o 0 3% ) 0 oS o20

agactut Of Thit LEvL Leclioeo

Fig. 3-15b Signal Lével Distribution vs Order of Diversity (Ref. 3.5)

3-14

P H l L c o WESTERN DEVELOPMENT LABORATORIES

¢ sy s S




WDL-TR2017

i = - » 11511
11141
I —-gtt ’b"ﬂ -
ST
| 1 ~,
wol. QU
] oo 1111
ShsiiEgE
= ] J"""n 4
$'b i _l { 7 sgt.,
0 d D -«6..,'.;,,;[,5 A 2
, =, :
1 7=
i aquivaient |
10 anofnou
= o
" -
=1:3.1 | cosmc nore ]
LU == ’ a}
) T
e oow il .
1000he Wme 00me
oquency gl §¥
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and 1950, (Ref. 3.6)
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Fig. 3-19 Typical Diurnal Variations of Critical Frequency for January
at Latitude 40 Degrees (Ref. 3.7)
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3.3.2 JIonospheric Reflection

Radio communication below 100 mc and above 2 mc can be accomplished
through reflection from the ionosphere. The limitations on the upper
frequency depend on the angle at which the wave enters the particular
layer being used and the critical frequency of that layer; i.e., fc/sin Q
where O is that angle and fc is the critical frequency. The critical
frequency is that frequency where no energy is reflected from the iono-
sphere above. Figure 3-19 gives typical values of critical frequency
(Washington, P.C.) showing diurnal fluctuation.

Transmissions through this medium may have ranges on the order
of 1000 miles or more. Very narrow bandwidths (one speech channel or
less) are attainable. The fast fading follows the Rayleigh distribution,
since fading in these circuits is essentially of multi-path origin.
Echo delays of up to several milliseconds have been observed. These

produce considerable distortion in the communication channel.

In general, the path loss may be attributed to absorption and
free path loss. Due to the uncertainty of the path, additional losses
may occur. Figure 3-20 gives the absorption loss as a function of

frequency.

Communications through this means are at best undependable, due

to the continuous variation of the several layers.

3.3.3 Ionospheric Scatter

The reflection of radio waves from many areas of ionized E layer
is the next medium of interest. Ionospheric scatter requires high
transmitter powers because the signal is attenuated from 80 to 100 db
more than line-of-sight transmission through free space. Figure 3-21

shows the median signal levels for ionospheric-scatter transmission.
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Fig. 3-21 Median Signal Levels for Ionospheric Scatter Transmission

PHILCO

(Ref. 3'7)

3-18

WESTERN DEVELOPMENT LABORATORIES

fromard

o




WDL-TR2017

The ranges of transmission through this medium are typically
less than 1000 miles. The bandwidths available are on the order of
30 kc. Fast fading is again of the Rayleigh type since multipath is
the major contribution. Slower fading of the hourly median varies
approximately normally, with a standard deviation of 6 to 8 db.

The ionospheric-scatter propagation, although it has a much

greater attenuation and more selective receivers are necessary, can be

considered to be much more reliable than the reflection mode previously

——

mentioned.

3.3.4 Meteor-Scatter Propagation

The ionization tail of meteors as they sweep through the upper
atmosphere reaches sufficient size and electron density to deflect an
appreciable amount of radio energy. The density of the electrons has
a definite effect on the output signal strength enhancement. This is
shown in Fig. 3-22. The frequency of operation of this type of propaga-~
tion is again in the 50 mc range. A nominal channel characteristic
bandwidth may be 1 mc. The range of a typical system may be cn the
order of 500 miles, depending on the scatter angle. Figure 3-23 gives
signal energy as a function of scatter angle. Transmission loss as a

function of range is given in Fig. 3-24.

Fast fading is again of the Rayleigh type, although, as
previously mentioned, blackout due to solar storms account for long
term fades. The operation of meteor-scatter propagation is usually

accomplished in bursts whenever the received signal intensity is

fows oy i jomyd B BN e ee.

sufficient to ensure signal reception. If it is operated in this

manner, very reliable communications can be obtained. This technique,

#

i of course, reduces the usable data rate of the system.

3.3.5 Iropospheric-Scatter Propagation

Tropospheric scatter is not dependent on the ionosphere and,

therefore, is not completely subject to the blackouts due to solar
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origin. The scatter from the tropospheric region is generally

attributed to variations in mean tropospheric refractive index. This
change may be due to water vapor varliation caused by turbulent
convection currents. The range of tropospheric scatter is usually less
than 800 miles. Figure 3-25 gives path loss as a function of range for
two different operating frequencies. The operating frequency generally

varies from 40 mc to 5 kmc.

Fast fading again follows a Rayleigh distribution while slow
fading is thought to have a log normal distribution. Figure 3-26 gives
average fading rates as a function of percentage of time the rate is
exceeded for two operating frequencies. Propagation through this
medium becomes relatively variable with seasons. Path loss appears to
reach a maximum during the summer months (See Fig. 3-27.) Figure 3-28

gives an idea of the capabilities for communication in this medium.

3.3.6 Satellite Communications

Satellite communications must pass through the various levels of
the Earth's atmosphere. The troposphere, stratosphere, and ionosphere
will have an effect on the communication via an earth satellite.
Depending on the frequency of operation, various problems associated
with these different levels will arise. Figure 3-29 shows that noise
density reaches a minimum in the range of 500 mc to 10 mc. Satellite
communication seems to be inherently limited to this range by many
factors. Radio signals below the lower range are reflected back to
earth and, therefore, limited from use in satellite communications.
Radio signal above the higher range are attenuated by water vapor
absorption as shown in Fig. 3-30. Figures 3-31 through 3-33 gives
curves of optimum frequency of operation for gain limited, area limited,
and mixed antennas. The points of optimum frequency again seem to be

in this range.

Operating in this range of frequency, factors such as fading
have little effect due to lack of multipath. The distance of communication
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Fig. 3-25 Tropospheric Path Loss (Ref. 3.3)
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will depend greatly on the type and complexity of the satellite system
involved. The attenuation will drop off as free-space radiation and,
therefore, the sensitivity of receivers need not be exceptionally

great,
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SECTION 4

COMPARISON OF DIGITAL DATA TRANSMISSION EQUIPMENT

4.1 CRITERIA
This section compares the digital data transmission equipment

described in Section 2 and a method is sugggsted'for~§e1ecting a sys-

tem to meet a user's particular requirements,

PHILCO

The criteria used for comparison of the systems are:

1.

2.

3.

Maximum Data Transmission Rate. This is the actual maximum

rate of transmission of the input data over a "standard"
telephone voice channel, and is not always as great as the

given bit transmission rate (due to coding or redundancy).

Reliability. An indication of reliability can be obtained
by examining the complexity of the system, reliability cal-
culations, experimental results, and actual field use. Only
limited information from a few of these sources has been

available.

Maintainability. An indication of maintainability can be

obtained by examining the complexity of the system, the con-

struction and layout (e.g., use of modular construction, ade-
quate test points, built-in test provisions), and test and

maintenance procedures developed for the equipment.

Availab;lity and Cost. Some of the equipment considered in

Section 2 is still experimental and/or developmental in nature

and is not available "off-the-shelf.' The AT&T Dataphone and
A-1 systems are provided on a rental basis directly by the
telephone facility. Since these factors vary so much with
time, and depend on the optional features included, no merit

weighting is given. A user should contact the manufacturer

4=}
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or his representatives to obtain current information when
it is needed. In general, the cost of a given system will
increase with increasing equipment complexity and

amount of optional equipment required by the user.

Error Performance. This is a complex criterion since it is

a function of many variables. These functional relationships
will be discussed. Experimental data gives the best indica-

tion of error performance, but such information is not avail-
able for all equipment or under all conditions. Theoretical

trésults can give some comparisons and will indicate bounds

on best obtainable performance. The factors that are import-

ant in determining error performance include:

a. Transmission Medium. Transmission media are discussed
in Section 3. Contributing factors include amplitude
distortion, envelope delay, fading; frequency displace-
ment, multipath jitter, white and gaussian noise, and
impulse (burst) noise.

b. Modulation and Detection Techniques. Each modulation and
demodulation technique has its advantages and disadvantages
with respect to error performance, simplicity, reliability,
and cost. A technique good for one set of conditions may
be poor for another set.

c¢. Signal-to-Noise Ratio. Signal-to-noise ratio is a func-
tion of the transmitted signal power, and of factors a and
b above. However, error rate is a function of signal-to-
noise ratio; therefore, to have a meaningful error rate
stated for a system, the corresponding signal-to-noise
ratio and transmission medium characteristics must also
be stated.

d. Transmission Rate. Error rate is also a function of the
transmission rate, generally an increasing function. Thus,
it is necessary that the transmission rate (bits per sec-
ond) also be given when an error rate is stated.

e. Coding. Each of the systems considered will accept coded
binary data. This coding can be used to decrease the data
error rate by providing redundancy or through error detec-
tion and correction (see Section 5). Some of the systems
code the data into a particular format before transmission.

4-2
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This may be done to increase the allowable data trans-
mission rate within a given bandwidth (as with Lenkurt
"Duobinary" coding) or to facilitate retrieval of synchro-
nization from the data (as with COBI and CTDS). Limited
error detection is also providéd by "Duobinary" coding
with the addition of available receiving terminal equip-
ment.

Error rates can be minimized by matching a system to its operating
conditions (especially the transmission medium it must work inté) and/
or by using coding. Thus, one would use the modulation and demodulation
techniques least susceptible to the existing media effects (such as
fading, or impulse noise), and use techniques such as line equalization,
diversity reception, and/or coding when the improvement is worth the

cost.

The above listed factors are not in a useful form for purposes
of system comparison. A set of criteria is needed which can be used
to compare each system according to the relative degree to which each
criterion adversely affects the error performance. The criteria to

be used are:

Amplitude distortion
Envelope delay 3
Fading

Frequency displacement
Multipath jitter (phase fluctuations)

Gaussian and white noise

.

Impulse (burst) noise

W N O N

Other considerations (these will be comments only, and will

.

not be weighted).

Both experimental and theoretical evaluations of the equipment are
used if available; unfortunately, much of the information was available
only from manufacturers' literature. When little information was avail-
able, the rating spread was made narrow to compensate for the incomplete-

nessg.
4-3
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The comparisons are summarized in Table 4-1. 1In addition, each
type of equipment is assigned a weighting (merit) number within each -
‘ comparison category. These numbers, 1 through 9, indicate a judgment
§ of the particular system relative to the other systems considered. The
| higher'the number the greater the relative merit of the system withina
the particular category. Data rate will not be assigned a weighting,

since it either meets or does not meet user requirements.

These weighting numbers can be used to guide the selection of a
system for a particular use. A reasonable method would be to weight
each of the comparison categories according to the importance of that -
category in the potential user's particular situation. This weighting
number is then multiplied times each merit number in the table. The

; sum of these new numbers for a particular system can then be taken as

: a "figure-of-merit" for the system.

4.2 COMPARISON

The evaluation and comparison of systems according to the criteria

presented in the preceding paragraph is recognized to be partly sub-
§ jective. The information summarized in Table 4-1 will help, however, -
f to indicate the reasons for the weightings given. The numbers in the A
% boxes are the merit weightings, given as discussed in Paragraph 4.1. .
More complete and/or up-to-date information may alter these weightings N

somewhat.

A major difference between systems, and a factor in determining
error performance, is the modulation technique. A brief discussion

and comparison of the effects of the modulation technique on error

T 1 i, gAY a2 Sl

performance is given in the following discussion (Refs. 4.1 and 4.2). *

See Section 3 of this report for further comments about the media ]

. effects. 1
’7 .if
£ /g -h -
.
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An obvious comparison is that phase and frequency modulation
techniques are less susceptible to sudden and short term amplitude
variation effects than amplitude modulation. Phage modulation tech-
niques usually use coherent or differentially coherent detection and
its corresponding improvement in error performance, at the expense
of increased complexity. The cowploxity imcreases with the nucber of
phase levels. Curves of error probability as a funetion of signal-to-
noise ratio are plotted in Fig. 4-1 for Gaussian noise, and ig, 4-2
for impulse noise, for various transmission systems. These curves

indicate superiority of phase modulation for errotr performance.

Of the various devices used within the telephone system, only
compandors present a serious problem to digital data transmission
(Ref. 4.1). FSK and PSK systems are relatively immune to the effects
of these devices. But AM and multi-tone systems evidencing amplitude
variations in the envelope of the composite signal activate the com-
pandors, resulting in distortion of the data signal. Keyed carrier
(AM) systems, on the other hand, are relatively insensitive to fre-
quency translation in thie channel, while FSK and PSK systems are ad-
versely affected by this characteristic, common to carrier facilities

in the telephone plant.

Many sources conclude that phase modulation is techmically the
optimum solution for telephone circuit data transmission problems.
The main reasons for this are that (Ref. 4.1 and 4.2) in phase modula-
tion, all available power is utilized for intelligence conveyance, the
signal is not as adversely effected by compandors in the circuit, and
it trades data speed for signal-to-noise ratio. Following phase mod-
ulation (PSK and differentially coherent PSK), are FSK and keyed
carrier (AM), in that order. Other factors, as this report shows,
must be considered in choosing a system and making comparisons. 1In
general, the higher performance system requires a more complex equip-
ment installation and involves greater maintenance costs, while the
lower performance systems are simpler to implement, smaller in size,

and probably less costly to maintain.
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Fig. 4-2 Comparison of Probability of Error Due to Impulse Noise
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Propagation factors im radio transmission, such as HF radio
transmission, make it impossible to use a high order of time-division
multiplexing, ruling out shorter pulses and wide bandwidths. A receiv-
er with large dynamic range is needed due to frequency selective fading
of as much as 30 to 40 db encountered on HF links. Diversity receiving
techniques are used to provide improved (more reliable) reception in

the presence of fading.

4.2.1 Experimental Error Statistics

A few papers presenting experimental error statistics and com-
parisons are available at the present time. Some of the conclusions
made and results given are summarized below. Hofmann concludes, from
tests on the Bell A-1 facility over various media (Ref. 4.4), that:

(1) digital errors are of a burst nature, both within a word and over
many words; consequently, averaging error performance over long periods
is a poor means of describing the performance of a data system; (2)
background noise on the telephone circuits is of little consequence in
affecting error rate since a degradation in signal-to-noise ratio does
not materially change the error rate; (3) the error rate is not fixed--
it may vary over many magnitudes on a circuit over different periods

of time; (4) the longer telephone circuit used shows a higher prepond-
erance of high error rate days than does the short circuit used, though
the error rate is not a direct function of the length of the circuit;
(5) the undersea cable, because it is free of the influence of switch-
ing stations, people, and nature, has the lowest error rates of the
circuits used. Note that the Bell A-1 is a vestigial sideband, 3-level
AM system.

Morey (Ref. 4.5) states that early tests indicated that COBI,
as compared with CIDS, had greater tolerance of gaussian and impulse
noise, less internally generated noise, and increased tolerance of

nonlinear phase characteristics of the communication channel.

4-10
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Lincoln Laboratory of MIT has been conducting an extensive pro-
gram of measuring and recording erro}s which occur during medium-speed
digital data transmission over various leased private-wire transmission
facilities. Some of the results of tﬁese tests on four different data
systems (CTDS, Milgo, Bell A-1, and Collins TE-206), over two types of
telephone circuits (K carrier and microwave), have been presented and/
or discussed in Refs. 4.6, 4.7, and 4.8, Curves presented (Refs. 4.7
and 4.8) include distribution of error in erroneous code words, dis-
tribution of burst lengths in erroneous code words, runs of error-free
code words, and runs of erroneous code words. No clear-cut superiority

could be indicated by the data.

Data taken to compare the error performance of 3 modems at 2400

bits/second over specially treated, leased voice channels are summarized

in Appendix 4-A of Ref. 4.9. The modems used where the Collins AN/GSC-4.

(operating well below its maximum rate), the Rixon Sebit 24 (an earlier
version of the sebit 24B considered in Table 2-1), and the Stromberg
Carlson S-C-301. The data are presented only as 'weighted average
error rates per kilomile.' Unfortunately, it was assumed that the
error rates varied directly with distance, and each test was weighted
in proportion to its time duration to arrive at the weighted average
error rates per kilomile. Consequently, the results lose some signi-
ficance. The Collins modem generally gave the best bit and message
(2000 bits per message) error rate. It was also indicated that the
Collins modem did not require as critical an adjustment of its built-

in equalizers as the others.

Tests of the COBI modem over private wire services in the United
Kingdom (Ref. 4.10) gave an average bit error rate, over 673.5 hours

of operation with 16 bits per word, of 3 bit errors in 106 bits received

and an average word error rate of 0.057 per minute. As in tests in the

U. S., the circuit was found to be error-free for periods up to 24 hours
and inoperable during some finite short periods. The error rate varied
over more than 2 magnitudes on some days, and the average daily bit

error rate varied greatly from day to day.

4-11
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In summary, it may be said that errors are due much more to im-

pulse noise, short duration line interruptions, and other forms of inter- .
ference than to white noise. The performance of a data system depends Z
upon its freedom from, or immunity to, such interference. No one system .

) is yet able to claim maximum immunity to all such forms of interference. 3

3 None of the experimental results available so far give a valid conclusion ‘

: of a "best'" system, or even a 'best'" modulation method. , , l

i

i 4.3 SYSTEM SELECTION -- AN ILLUSTRATION ';

i To illustrate the use of the evaluation method presented in this -

% section, assume a hypothetical situation, as follows: . -

| 1

§ A user requires a data transmission system of high reliability for .. %

f operation in a remote area over leased telephone lines. A moderate ;} :
error rate (1 in 104 bits at worst) is acceptable. Only three systems

% meeting the required data rate are determined to be available within f}

% the required short delivery schedule. Only a minimum of down time can B

' be tolerated. The link is short, and of moderate but comsistent quality. f]

A reasonable Table of Comparison for this user can now be made -3
(following Table 4-1), such as shown in Table 4-2. Note that a small .S
variation in user's weighting will not change the relative results by .
very much. B |
According to this procedure, System A would be the best choice »i

although not by a very impressive margin. The addition of comments
on such things as performance proven in field operation, or past company

performance, could help to make the choice more conclusive.

4.4 GENERAL DISCUSSION s
The digital data transmission systems discussed in this report are

not the only ones that could be considered. The Hughes Aircraft Company
HC-270 Digital Data Transceiver (Refs. 4.1l and 4.12) uses differentially _
coherent, four-level phase shift keying to obtain data rates up to 4800 j

-y
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TABLE 4-2 l
Illustration of System Comparison l
7 ! usEr's | ‘, i
CRITERIA . WEIGHTING | SYSTEM SYSTEM B~ SYSTEM d
. , o R o ' —— _—
Reliability I 8 6 (48) 4 (32) 5 (40) !
Maintainability . 8 b6 (48) 5 (40) -5 (40)ﬁ1
« ?
'r T — —
iE Availability and Cost i 3 4 (12) i 4 (12) :6 (18) ;
3 ! { :
——
L1 Amplitude Distortion : 2 L 5(0) - 6 (12) 5 (10)
3 i: B )
- r~— ‘ ~—— - —= —~ e —— —
- Envelope Delay ; 2 5 (0) ¢ 5 (10) '5 (10)
1 a ' ?
g S ——— ﬁ" am—— - — - - ? - e smame g —'—“
ol Frequency Displacement i 1 6 (6) 5 (5) 4 (W)
. : ) i :
i ' — — ]
i Gaussian Noise 3 5 (15) : 4 (12) & (12)
| ! — ————
- Impulse Noise 5 I 5 (25) 5 (25) ‘4 (20)
: Comments t 4
Figure of Merit 174 ' 148 154
t _ |
: - Note: Figures in parentheses are products of user's weight
1T and system weight
. ¥
N
.
i
H
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bits/second. The Milgo Electronic Corporation Model 1652 Data Trans-
mission System (Refs. 4.13 and 4.14) is essentiaily an FSK system.
Stelma, Incorporated, developed the AN/TYC-1 for the Signal Corps
(Ref. 4.15). This is a rugged, highly reliable, field-transportable
FSK digital data terminal which will transmit up to 1200 bits/second.
The common carriers (AT&T and Western Union) have a variety of full-
time (leased) and part-time (dial-up) services (Ref. 4.16) available,
including a Western Union 1200/2400 baud FM carrier transceiver (Ref.
4.8). 1IBM developed an experimental low-cost data transmission system
(Ref. 4.17) to determine speed and reliablity limitations on transmit-
ting binary data over private telephone lines. More recéntly, a group
at IBM working with Dr. Emil Hopner have developed systems for using
TV channels at 20 Mbps and voice phone lines at 8000 bps using some
new techniques (Ref. 4.18).

It should be noted that, at the present time, FCC tariff regula-
tions prohibit the use of any modem equipment other than AT&T supplied
units on the dial system (Ref. 4.8). Commercial modems are allowed

only on leased circuits.

Enticknap and Lerner (Réf. 4.19) present a summary of considera-
tions important to a designer of data transmission systems. Their
paper discusses how data systems may be designed now in such a way
that specialists can exercise their skills most effectively, thus
allowing the system to take advantage of new coding or modulation
equipment without unnecessary replacement of entire data systems and/

or modifications to data sources or sinks.

The Armour Research Foundation report previously referenced (Ref.
4.1) gives the results of an investigation and study of the techniques
and methods necessary for the transmission of digital data over stand-
ard telephone circuits in order to establish the basis for an optimum
signalling system. It is a fairly complete and useful reference which

includes information on channel capacity, transmission media, encoding

4-1¢
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and decoding, modulation techniques, and a discussion of optimum line
utilization. A good summary of wireline digital data tramnsmission prob-

lems and techniques is given on Pages 2 to 17 of Ref. 4.1.

| Finally, it should be emphasized that the data presented in this
section is only a starting point in the comparison of digital data
transmission systems. This data should be checked to be sure it is
current, and further data should be obtained directly from cognizant
engineers and operational records where possible. Manufacturers' liter-
ature and theoretical evaluations are not entirely adequate at the pre-
sent time. Conclusive comparisons of equipment can only be made by
including results of carefully planned and controlled experimental
evaluations and operational data, with conditions and equipment and
circuit configurations completely specified for each case. Experimental
comparisons will not be adequate unless equipment responses are compared
on the basis of identical inputs that accurately représent the conditions

to which the equipment will be subjected in actual operation.

4-15
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SECTION 5

ERROR DETECTING AND ERROR CORRECTING CODES

5.1 GENERAL

Tt is evident from the preceding discussion that error rates on
the oxder of 1 error in 105 can be achieved with typical equipment con-
figurations. If slightly better performance is required, a judicious
choice of equipment and modulation scheme plus greater output power
would probably suffice. However, if the performance must be increased

by several orders of magnitude, coding appears to be the only solution.

The possible improvements that can be achieved with coding will

be the subject of this section. Both error correcting and error de-

Premmgprnd
| e

tecting codes will be considered; and it will be shown that error de-
tecting codes are far more promising, but are only useful over two-way
links.

Y
Dosoninutaiy
8. v §

Error detecting and error correcting codes are extremely sensi-
i tive to the statistics of the errors. Only two types of errors will

be considered here:

1. Random errors caused by white noise interference (which might

: . occur over microwave links)

TER PR

2. Burst errors caused by the impulse noise on telephone circuits. ?
lowever, a few general comments will be made concerning paths with
combined statistics, such as might occur over tandem of radio and

telephone circuits.

g AT % B e o areen -

i 5.2 RANDOM ERRORS DUE TO WHITE NOISE

It has been well established that error correcting codes can

oo
v

- greatly reduce the number of random errors that occur. However, in

sy 6 e o e g s

this section, the validity of this conclusion when the following two

§ ot

constraints are placed upon the system will be examined:
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1. Constant data rate.

2. Constant power.

These constraints affect the analysis in the following manner. In
order to maintain the same data rate when additional (checking) bits
are added to the word, each bit must be reduced in time so that the
entire word with checking bits occupies the same time interval as the
ofiginal word. This, of course, reduces the signal energy per bit.
The constant power constraint prevents the use of more power in order
to return the signal energy per bit to the original value. The signif-
icance of the two constraints is that the coded word is transmitted
with the same power and in the same length of time as the uncoded word
by reducing the energy per bit. The justification for these constraints
is that systems should be compared by equating the significant para-
meters; in this case, the transmission time per word and the energy per
word. These are the significant parameters because the words of the
uncoded and coded messages contain the same amount of information rather
than the iadividual bits.

An analysis of error correcting codes under these constraints is
carried out in Appendix A. Although a completely general solution is
not obtained, the results are very significant. An example is worked
out using the bit error probability curves for FSK envelope detection.
For this case, it is shown that there is little, if any, advantage to
be gained by the use of error correcting codes under these particular
constraints.* These results are of general interest for more than just
FSK envelope detection because of the similarity in shape of bit error
rate curves for many different modulation schemes as derived in Appendix
B. Therefore, the usefulness of error correcting codes for any modula-
tion scheme under the assumptions and constraints of this section can

be questioned.

*WVIn thé éxaﬁplé; the number of bits prior to encoding was chosen to
be 5. A larger number would result in more efficient codes and,
hence, better performance but would carry the penalty of additional

complexity. 52
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The reason for the lack of effectiveness of error correcting codes
is quite clearly the strong dependence of the probability of error on
the signal emergy per bit (E). It is seen from Fig. B-1 that, for
typical situations, a reduction of E to half its original value will
increase. the error rate more than a hundred-fold. Since many error
correcting codes require almost as many checking bits as information
bits, the value of E is often halved, and the poor results are under-

standable.

An error detection scheme might prove useful in this situaﬁion
because fewer checking bits are required and, therefore, E is not re-
duced as much as in error correcting schemes. However, knowledge that
an error has occurred somewhere in a word is of little help unless the

word can be retransmitted. In general, ‘this implies that a return com-

“munication link to the transmitter is required,

5.3 BURST ERRORS DUE TO IMPULSE NOISE

It has just been shown that error correcting codes perform poorly
against random noise (under given constraints) due to a strong depend-
ency of error rate on E. However, the dependence of error rate on E
is much smaller for errors occurring over telephone circuits which are
characterized by impulse-type noise. For example, Alexander, Gryb,
and Nast (Ref. 5.1) have shown that a reduction in transmitted power
by 5 db will approximately double the error rate. By contrast, for
white noise interference, a reduction of 5 db would increase the error
rate by approximately 3 orders of magnitude. It would be expected,
therefore, that the constant power, constant data rate constraints will
not appreciably affect the telephone circuits. Unfoptunately, as will

be shown in the next paragraph, the burst nature of the errors consid-

erably reduces the effectiveness of error correction for telephone lines.

A considerable amount of data concerning the statistics of the

. error bursts have been obtained by Alexander, Gryb, and Nast (Ref. 5.1).

Using this data, they have shown that typical burst error correcting
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codes can correct only a moderate number of errors. For example, they
show that a typical code capable of correcting bursts up to length 20
will correct only 79 percent of the error bursts. Codes capable of

correcting larger bursts would be more effective but also more costly.

On the other hand, error detecting codes can be quite effective.
For example, Fontaine and Gallager (Ref. 5.2) have shown, using typical
telephone error patterns, that the mean time between undetected error
can be reduced to several years through the use of moderate block sizes
{100-500 bits/block) and only a small amount (3%-11%) of checking bits.
Statistics for European links (with error rates of approximately 10-4)
published by Jones (Ref. 5.3) indicate that only 1%-3% of the blocks

need to be retransmitted dué to detected errors.

The necessity for a return path for effective use of error detect-
ing codes presents a number of problems. . Some of these problems, and
their suggested solutions, are considered by Reiffen, Schmidt and Yudkin
(Ref. 5.4), and by Metzer and Morgan (Ref. 5.5).

5.4 COMBINED LINKS

If a combination of telephone lines and radio links were used, the
errors would be a combination of burst and random errors. Error detect-
ing codes would probably be most effective but, due to the random errors,
many more repeats of blocks might be required. In this eventuality, a
little more redundancy in the form of extra-check bits would provide
single error correcting capability and might considerably reduce the

number of requests for repetitionm.
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APPENDIX A

WORD ERROR PROBABILITIES

A.1 GENERAL

In this appendix we shall investigate word error probabilities in
a binary symmetric channel when all errors in the channel are mutually
independent. It differs from previous work in this area in that two

constraints are placed upon the system.

The first of these is that a constant data rate must be maintained.

That is, when parity check bits are added, each bit must occupy less
time so that the entire word occupies the same time as the original.
The second constraint is that the total energy needed to transmit the
word remains constant. That is, we are not allowed to increase the
transmitted power in order to compensate for the shorter time interval
of each bit.

A.2 CODING PARAMETERS

For this study, the Slepian group alphabets (Ref. 4.1 and A.2)
were used. These codes consist of words with n bits of which k are
information bits and n-k or r are parity check bits. It has been
shown that a code with r parity check bits can correct no more than
2" - 1 error patterns. The Slepian codes are optimum in that they can
correct all of these errors.” 1If Bs is the number of s-tuple error

patterns that a code can correct and
Z B, =2 -1 (A-1)

then the probability that a word is received in error and is corrected

PHILCO

*miiﬂ ﬁﬁé i&sg anaiysié, dllrerror correcting codes may be reduced to

a Slepian equivalent. For example, the Bose-Chaudhuri (9,5), (13,5),

and (15,5) codes are the first single, double, and triple error cor-
recting codes as are the Slepian (9,5), (13,5), and (15,5) codes
but the Slepian codes correct additional error patterns as well,

A-1
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n
] 8 n=8 .
Qn,k - Z Bsp q (A-Z)
s=1
where
p = probability that a single bit is in error.
g = 1l-p

Since the probability that a word is received correctly is qn, the
probability that a word is still in error after reception and error

correction is given by

= 3 n i
Pn,k =l-q - Qn’k (A=3)
A.3 SIGNIFICANCE OF CONSTANT DATA RATE
It is well known that a word error probability may be reduced by
*
several orders of magnitude by using an error correcting code and re-

ducing the data rate. In general, Pn is a monotonically decreasing

k
H]
function of r because of the increasing number of error patterns that

can be corrected.

It is evident, however, that for a particular value of k and Pn K’
?

the data rate may be reduced to an undesirable level.

If a constant data rate must be maintained, each bit must be re-
duced in time by an amount such that the coded word, k+r, has the same
duration as the original uncoded word. However, if the energy per bit
per one sided noise density, denoted by Qsis fixed initially at ao’ the
new value is hxoln and, consequently, the shortening of the bit time
increases the bit error probability to P,» and the word error probability

prior to correction, Pn:

* An example is provided by Slepian (Ref. A.1) If a 5-bit word with no
error correction is transmitted through a binary symmetric channel
with bit error probability p = 0.001, the word error probability is
P = 0.00449, whereas the addition of 5 parity check bits, with a
concomitant 50% reduction in the signalling rate, yields a symbol
error probability p = 0.000024.

A-2
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. n
Pn =1 =-q (A-4)

We are aware, on the other hand, that the coding imposes constraints
on the bits, via linear dependence, so that errors show up as inconsists

encies and may be corrected, reducing the word error rate to Pn

k'
n
. , 8 n-s _ -
Pn,k - Pn B }: Bsp q = Pn Qn,k (-5)
s=1

Efficient coding, at least under the constraints of this appendix,

takes place when the second effect outweighs the first.

A.4 METHOD
Normally, one would start by taking the equation Pn K™ Pn - Qn K’
’ s
make the proper substitutions for the variables and find those values

of r which minimize Pn Since r is a discrete variable, one may not

ok

use the derivative of Pn K to find the best values of r.
I

Given the values of Oy and k and the modulation scheme T, the bit
error probability P, that results from using r check bits may be deter-

ka, | ‘
Pp ™ fT k+r (4-6)

Some typical functions, (for white noise interference) are derived

mined from

in Appendix B and are summarized in ‘Table A-1l.

A-3
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BIT ERROR PROBABILITY EQUATIONS AND APPROXIMATIONS

Modu~ , o i
| 1ation Defining Equation Ang§Xim3ti0n
FSK p, = 0.5 ¢ 0-3 b = 0.5 e"0-5@
k k
x2 A
PM and T 4 G 0.055
-y (2n) 2 ,, -0.955a
BI-ORTHO | Pk f 1 (@2n) “e dx p = 0.142 e
e%
2
% 1 (- %'\
mswe |p o= | {(Zu) 2 ¢ }
-@D .
p. = 0.2 e 0.553a
k
52
© L¢3
{ f 1 (2n) 2 e dz}dx
x+(2a)?
2
n _% -3 p, = 0.2 e-0-553a o <12.5
ORTHO P " ,/i (2n) " e dx
(@? p = 0.231 & 8% 5 515 5

To fix ideas, if we are using FSK signal with envelope detection,

the uncoded bit error rate is

PHILCO

- 1l _-al2
Ppk™ 2°¢

(a-7)
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while the coded bit error rate is
. -kcn.o
po=ge 0 (a-8)
and consequently
K
| k+
P, =5 (2p) " (4-9)
Since q, = 1l- Py the first term of Eq. (A-5) is
k -
= |k¢r
1 k+r .
Pn 1l - E' 2(2Pk) ] ] (A-lo)

Qn Kk is somewhat more complicated. The Bs in each term are of the
,

form (cs) (k:r) where cs is 0, 1, or a fraction:

kt+r k+r-1 k+r, 2 ktr-2
Qi = G Irq, T+ Gy ey :
ktr, 3 ktr-3 kir, kér
+ C3(T3)pgq, © 0 OGP (a-11)

To date, no function relating the Bs, n, and k has been found.
For convenience, the Bs have been tabulated in Table &-2 for-
k=4, 5, 6 and 6 < n < 16.

4-5
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| k-4 o el 2 3 4 5 6 7 A
6 3 3p
7 7 21p2
8 8 7 21p2
9 9 22 1'4p2‘
10 10 39 14 6p>
11 11 55 61 104p3
12 12 66 144 33 74p3 |
13 13 78 246 173 1 40p>
¥ 14 91 364 sS11 42 1 490p"
15* 15 105 455 993 475 4 372p*
16" 16 120 560 1562 1680 134 3 236p"

k=5 n s=1 2 3 4 5 |

7 3 4p
8 7 21p2
9 9 6 30p2
0 10 21 24p?
n* 11 4 6 9p2
12 12 63 52 3p2
13 13 18 152 12 134p>
14° 14 91 294 112 70p°
155 15 105 455 420 28 945p%
16 16 120 s60 1351 469p*

* See Ref. A.2

*% See Ref. A.3 At
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TABLE A-2 (CONT'D.)

8 3 SP :
9 7 2p
10 10 5 40p?
11 .11 20 35p°
12 12 s0 1 16p>
1Y 13 12 4 op’
1w 1 91 150 | 21493

* See Ref. A2

For example, using Eq. (A-11) and Table A-2, we have

) 8 2 g 1.3
Q10,4 10q°p + 39q p + l4q p
because the code corrects 10 of the 10 single, 39 of the 45 double, and
14 of the 120 triple errors. Since the probability that the symbol con-~

tains no error is qlo, Equation (A-5) becomes

10,6 = Pn ~ Qo,4

“1-q7- 10¢°p - 39q%p% - 14q’p?

5P2(1 - P)'8 + 106p3(1 - ~p~)7 + ...+ plo

Gp? + 6&p3 + o0+ p10
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Furthermore, 6p2 is defined to be An K’ which is an approximation

?
of Pn,k
be discussed in more detail later.

when the bit error probability, p, is very small. This will

A.5 NUMERICAL INVESTIGATION OF THE n,5 CODES USING FSK
Since it was apparent that no general formula could be set down
that would include all the variables, it was decided to choose the

parameters for a system and work it through as an example.

Binary frequency-shift keying was chosen as a modulation scheme
so that the channel transition probability is given by
-ka,

.1 _ 2n
=5e (a-8)

The values of a, chosen were 10, 15, and 25.

The word with 5 information bits was chosen because it is a good
choice for the transmission of English text and is a good vehicle for
PCM.

The above parameters were inserted in Equation (A-5) and the
resultant values of P i are presented in Table A-3 and plotted
by
in Fig. A-1.

It is quite unexpected that the shape of the curves and the rela-
tive position of the codes should change so drastically as we vary oy
We see from the figure that no form of encoding (up to 11 parity check
bits) yields a Pn,k less than the uncoded word for a, = 10 or 15.

Computation shows that there is a breakeven point at a, = 17.8;

i.e., below this value, no coding is best and above this value the

(9,5) code has the advantage.

4-8
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TABLE A-3
Pn 5 as a Function of n and ab for FSK Modulation
N : ’ _ _ N . _ N _ _ N
nk | or | e =10% | a =15k | g = 25wk
5,5 0 1.7x10°% | 1.3 %1073 9.0 x 108
6,5 1 3.4 x10°2 | 4.5 x 1073 6.6 x 10°°
7,5 | 2 5.8x1072 | 9.9x10 | 2.6 x10"
8,5 3 3.2x10% | 3.8 %1073 8.6 x 10™°
9,5 4 2.1x10°2 | 1.5 x 1073 5.5 x 10°°
10,5 s | 3.4x10?% | 3.6x 103 2.5 x 10™°
1,5 | 6 29x102 |29x10% | 2.8x107°
12,5 7 3.5 x10°2 | 2.7 x 1073 2.5 x 107°
13,5 8 3.7x10°2 | 2.6 x 1073 9.8 x 107°
14,5 9 3.6 x 1072 2.8 x 1073 1.2 x 107
15,5 10 3.4 x 1072 1.8 x 1073 8.0 x 1078
16,5 11 2.9x102 | 2.4x1073 4.7 x 1078

-3
4
6

* Pg = 3.35 x 10
** p.o= 2.7 x 10”
Sekk p_sﬂ 1.8. x 107

Surprisingly enough, at a = 25, the (16,5) code is better than
the (9,5) code. That is, 11 parity checks are slightly better than 4.

It is interesting to look at Slepian's example (see footnote, p.A-2)

3 can be achieved

under this new regime. A bit error probability of 10~
with an o, = 12.5. Encoding into a 10,5 code increases P, to 0.022 and
Pn,k = 0.009. This is approximately 375 times the value of 0.000024
one obtains by halving the data rate.

A-10
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It is natural to enquire how Pn,S behaves as r increases for some
@, It has been shown (Ref. A.4) that the fraction of the possible
errors that a code can correct depends only on the number of informa-
tion bits and is 2‘k. However, as the number of parity cliecks increases,
80 does the absolute number of error patterns that can occur.

In the expression for P these error patterns must be weighted

by their probability of occu:;tnce. However, the probability of occur-
rence depends on the bit error probability and,as we see from the curves
of Appendix B, Py is driven to unity for fixed @, and increasing redund=«
ancy. Consequently, all the curves of Fig. A-1 eventually turn up and
Pn,k approaches unity as r increases (albeit in a badly behaved fashion)-.
For the sake of example, let us take the Bose-Chaudhuri (36,5) code
(Ref. A.5) which corrects all errors up to and including 6-fold errors.
Let us assume that the analogous Slepian code corrects no 7-fold or

higher error patterns.

P pesd ) el S NN B B O O P

6
-1 . 36) s 36-s -
Pig,s = 1 Z (s L M (a-12)
s=0
For
1 /5 x 25
, 1 T2 (36 )
ao - 25, pn = 7 e = 0.088.

We may approximate P36 5 by a normal distribution with parameters
s .

b

4 =np = (36) (0.088) = 3,168

o? = npq = [(36) (0.088) (0.912)] = 2.89

A\"l]<
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® - l SX-,E‘ 22
1 2 02
65" m J ¢
*1

) 2
1 f exp 2:3:168)° o (4-13)

3 1 1N = -’—‘:2 = " = §
or letting t pt :1 5 1.96

y £2
P36,5 = ——; j exp(- 3 ) dt = 0.025 (A-14)

t=1.96

This Pn K ¥ 0.025 must be contrasted with a word error rate of

’ -
approximately 9 x 10
coded word of 6 bits at a, = 25.

6 which we could have obtained by sending an un-

A.6 APPROXIMATIONS

Although we cannot solve our initial problem analytically with any
degree of sophistication, we find that we are in a position to set down
a reasonably easy method of approximation. For small values of p(p<1073)

we may approximate Pn K fairly closely by functions of the form R(p)s

?
which are tabulated in Table A-2 as An k'
t]
derived from the binomial coefficients as follows.

These approximatiens are

Let Cx be the first coefficient that is not unity. Then Pn k may
?

be written

. |
Pai= ) (1= (4% g2 gers (4-15)

8=X

4-12
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If the substitution q = 1 - p is made, the expression expanded,

may be written

and terms collected, P
n,k

s s+1 s+2 |, . k+r
P Rlp + Rzp + R3p + ... % Rnp

n,k (A-16)

where the Ri are constants. The Rl(p)s term in equation n is the

largest term and is defined to be An K’ The rest are neglected because
?

of their rapidly decreasing magnitude.

An upper bound to the error introduced by neglecting higher terms
in p may be found (Ref. A6) by letting x + 1 = A(k#r). Then

ker
- Ak+r) _ay (1-A) (k+r)
Z' psqk-l»r 8 < (‘%) %:%)
s=A\ (k1)

providing A > p.

If we are given o, and k, one may evaluate An K
2

desired and choose among them in order to achieve or better any desired

for as many r as

symbol error probability. For example, suppose we are given o = 30,

k = 6. We find the An,6 are
(6,6) 9.0 x 1077 (11,6) 5.9 x 1077
(8,6) 3.2 x 10™° (12,6) 1.1 x 1076
(9,6) 5.2 x 107° (13,6) 2.6 x 1072
(10,6) 1.4 x 107/ (14,6) 1.1 x 10~/

If our design value had been Pn K" 10-6, we would most likely choose
3

to do no encoding. It had been 10-7, we find that although the (13,6)

is the only code that provides the desired performance, the Pn Kk for
?

the (10,6) code is close enough that there might be merit in reconsider-

ation of the design value.

A-13
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A.7 CONCLUSIONS
The following observations are made:

1.

PHILCO

At moderate values of %y the reduction in the symbol error
probability gained by encoding is unimpressive if it exists
at all.

I1f a large value of o, is available initially and the ratio
Pk,k/Pn,k is impressive, it must be remembered that there will
be a set of r parity equations that must be solved to correct

the errors. If the code corrects any s-tuple errors, this set
of equations must be iterated s times. Consequently, the price
of improvement in the word error probability is related to the

price of the equipment to perform the error correction.

A glance at Fig. A-1 shows that it is never profitable to add

. less than 3 parity check bits to a symbol containing 5 inform-

ation bits. Comparable figures for other codes are never less
than 3 for 4 information bits and never less than 5 for 6 in-
formation bits. One might be tempted to speculate on the
existence of a rule '"never less than k-1 parity checks," but
this reasoning is fallacious,as a glance at Fontaine and
Peterson (Ref. A.2) will show.

A-14
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APPENDIX B

ERROR PROBABILITIES IN A BINARY CHANNEL

B.1 ASSUMPTIONS, DEFINITIONS AND RESULTS
We are concerned with sending a random sequence of l's and 0's,

each bit of which is allotted T seconds. The probabilities of 1's

and 0's are equal to 1/2 and it is assumed that these is no inter-
symbol influence. The autocérrelation of such a sequeince, now con-

sidered as 1's and -1's, is
(1) =1~ J%L okl <t
=0 It >T (8-1)

The corresponding spectrum is the Fourier transform of the autocorrela-

tion

sinznfT

(B-2)
(nfT)2

0aa(f) = T

which has its first zeros at nIfIT = 5 or |f| = 1/T. We will assume

that the video bandwidth is B = %T' Note that this is the Nyquist

bandwidth for the given bit rate.

The assumption of B = %T is the minimum possible value for B; if

a larger value of B is used, the corresponding value of a = E/No will

be increased for a specified bit error probability since

E _ ST _ $. -

and for all systems, except the matched-filter systems, the bit error

probability is a function of p.

B-1
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For example, Fig. B-1 shows, for phase modulation, a = 6.93 for
1

pw=10 vhen B mi=. IfB' =28 = 1/T and p is held constant, a = 13.86

5T
for p = 1074,

On the other hand, the curves for the matched-filter orthogonal and

bi-orthogonal systems are independent of bandwidth.

some instant during the bit time. The effect of bandwidth on the signal

rise time has been ignored.

For the matched-filter systems, discussed in Paragraphs B.5 and B,6,

it has been assumed that the integrator is sampled at the end of the
bit interval. The method and power to achieve this timing has been
ignored.

The signal power will be assumed constant over each bit interval

and its long-time average value will be 8.
White Gaussian noise having a spectral density
No
W (f) = — o< f<®™ (B-4)
N 2 ‘ .
will be assumed.
The noise power is N.

The signal-to-noise power ratio at the receiver input is p.

The ratio of signal energy to the noise spectral densgity will be

denoted by
2a = N,EW -'%E or a= %— . (B-5)
o/2 ] )
B-2
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It is assumed that by the end of each bit interval, the receiver

is forced to make the decision whether a 1 or a 0 was transmitted. The

decision may be correct or there may occur a Type I error -- deciding
that a 1 was sent when in fact a 0 was sent ~-- or a Type II error de=

ciding that a 0 was sent when in fact a 1 was sent.

The probability of a Type I or a Type II error will be denoted as
PI and PII’ respectively. Since 1's and 0's are sent with equal prob-
ability, the probability of error is

(B-6)
= P, the subscripts may be omitted. The probability of a

If PI = PII

correct decision is 1-P.

In all cases, the threshold will be selected to give the minimum
total probability of error. Except for envelope detection of on-off
AM, where the optimum threshold is a function of the parameter a, the
optimum threshold is midway between the means of the two signal condi-
tions.

The results of the paper in the form of curves of Bit Error Prob-
ability for the various systems vs a are summarized in Fig. B-1

(o ) and Fig. B-2 (a

linear db)'

B.2 DOUBLE-SIDEBAND AMPLITUDE MODULATION

In this section, envelope (noncoherent) detection and synchronous
(coherent) detection are considered. The probabilities of error are
calculated on the assumption that the audio output of the detector is

sampled near the end of the bit interval.

Let the data be a(t) = + 1 where a(t) is constant in each bit
interval. Let o, be the carrier frequency. Then the double-side-band
signal is

B-4
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s(t) = A [} + m&(ti] sin w%t. (B=7)

In the case of envelope (noncoherent) detection m < 1. For m & 1, the

process may be called on-off keying.

Following a bandpass filter of width 2B centered at fc’ the noise
power is

N = 2B No. (B-8)

The average signal power is

%{%— E(1+m)]2+-;- E(l imgz}

S =
22 2 2
il (l+2m+m" + 1+« 2m+ m")
2
=21+ a)). (8-9)
Thus,
s A2 (+wd) _ AlT(und) ST
P =T = = - e—— (3-10)
N 2 2BN 2N N
o o o
and
q,--,E—,--s—'l-..p (8-11)
N N
o o

The noise voltage may be written
n(t) = x(t) sin w.t+ y(t) cos ot

where x(t) and y(t) have no frequency components above B cyclés/sec

g Ezuﬂ- E [?(;)] -E E‘z("f] =N (8-12)
Be6 )

and
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Suppose that envelopé detection’ig used and let R(t) be the envelope.
Then, when a 1 is dent, Lo

1
| 12, 2
R(t) = E(l-!-m) + x(t:)] + yo(t) (B-13)

Since x and y are independent and normally distributed with means zero

and variances N (following Bennett, Ref. B.l)

p®) =B 1 I:i(-—l- ;*““Zl exp (- 2= Ez + A2(1+m)2] (B-14)

Io is the modified Bessel :function of the first kind of zero order:

had 2n n
I(x) = Z x (1) (B-15)

n, 4.2
=0 47 (n!)

Following Rice, (Ref. B.2)

1
1 2, .2
ER) = 2?2 T ) F1 C% 1; - A.%ﬂl_ (B-16)

2
where
X
2
1F1(' %; 1; =x) = e [(1 + Xx) Io (-’-2‘) + x Il(—;)J
and
ER?) = A2(14m)? + 2N. (B-17)
Further, when a 0 1is sent, 1
) 2
. = 2 i
R(t) = {E(l-m) + x(t)j + yo(t) } (B~18) /
B-7
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and
pxo(R) - % I I:ﬂ._l_ '1;'“ RJ exp {- %ﬁ [Rz + Az(lam)zJ} (B-19)

Then, for envelope detection followed by sampling with a threshold
Q, we have, for error probabilities,

Pr = f Po(R) dR (B-20)
Q
and
Prr = _/Q py(R) dR (B-21)
0
giving
P '% f"o(R) dR *‘;‘ f p,(R) &R = P(m,Q,p) (B-22)
Q 0 :

The formal procedure would require

O .0 ana 9P

— nd = 0

om Q
resulting in a curve of P as a function of p alone for optimum choice
of m and Q.

While it is not completely clear that m = 1 is the best choice,
it has been used by several authors including Bennett who solves for
Q as a function of p and finds that Q varies from 0.52 to 0.57 of the
gsignal envelope 2A. His independent variable is the ratio of the mean
signal power in the "on" state to the mean noise power which is 2p or

20,. The results of Bennett's computations are given in Table B-1.

B-8
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BIT ERROR FOR ENVELOPE DETECTION OF ON-OFF CW

E) @m0 e
(Probability of (db) .
__error) _ o
10-2 8.3 6.78
1073 10.6 11.55
1074 11.9 15.50
107° 13.1 20.40
1076 13.9 24.50
1077 14.8 30.10

The values in Table I are in fair agreement with those of Montgomery
(Ref. B:3) who uses a threshold of 0.5 and whose R is expressed in terms
of peak signal power.

Equation (B-7) gives the double-sideband signal as

s(t) =a [1+ma(e)] sinat (8-7)

In a coherent detector, the incoming signal is multiplied by a locally

generated wave
v(t) = 2C sin (a%t + 4). (B-23)
The incoming wave is . |
s(t) + n(t) = A [} +m a(ti] sin mct
+ ‘nl(t) sin @ t + n,(t) cos @t (B-24)

B-9
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Then the output of the multiplier is
2(t) = 24 ¢ [1+ m a(t) ] sin @t sin (ot + 6)
4+ 2.cn-1(t) sin a)ct sin (wct + ¢)

+ 20n2(t) cos o t sin (a)ct + @) (B-25)

z(t) = AC [1 + m a(t)] [cos ¢ - cos (chi; + d):l
+ Cnl(t) Eos ¢ - cos (Za)c't: + ¢):|

+ Cn,(t) Ein (2ot + ¢) + sin d] (B-26)

This signal, z(t), is then passed through a low-pass filter to eliminate

the components at 2cuc giving

W(t) = AC El + m a()t)] cos ¢ + Cnl(t) cos ¢

+ an(t) sin §. (B-27)

Now a(t) =+ 1

nl(t) and nz(t) are independently normally distributed with

means 2ero and variances N.
Thus

E El(t)] = AC I:l +m a(tﬂ cos ¢. (B-28)

B-10
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and the variance of W(t), given that the aignal and noise are uncor-
related, is

2 2

o° = C°N coszd + 02

N sin’g = €2

N. (B=29)
Suppose that a threshold Q is set at

Q = AC cos §. (8-30)

The probability of a Type I error, i.e., deciding that a(t) = +1
vwhen it is in fact -1 is

r X
PI = \‘—_%_— exp -E.,-,Ac(;'_m),cof' ﬂ o (B-31)
Q=AC cos ¢ 2%C°N 2 C°N
Let
x = W= AC(1l-m) cos ¢
cAN
dx = @"W
c2n
When W = AC cos ¢ X = AE_ELSEE_é w Amecos ¢
c\N N
Then .
vl (e s
Amcos g V2% 2 ) ,

[
v
But the system is symmetrical and,therefore,

P=P P

- .
I "I11

B-11
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For this system, Equations (B=10) and (B-11) give

2 L2
o) -‘%— Si%&—l and g = ¢

Thus
2 2 2a
S — . (B-33)
(1#m") (1#m)
and
A 2
P= Jr - 5= )ax (B-34)

q 20/ (1+m)
‘m cos &

For on-off keying m=1 and it is obvious that ¢ should be held as

close to zero as possible. If m= 1 and ¢ = O

2
(/%) exp @‘-) dx. (B-35)

f
\ea

P=

Equation (B-35) is evaluated in Table B-2.

TABLE B-2
BIT ERROR FOR SYNCHRONOUS DETECTION OF ON-OFF CW

e | VF by ;
107} 1.28 2.15 1.64
1072 2.33 7.34 5.44
1073 3.0 | 9.84 9.60
107% 3.72 11.42 13.85 |
107> | 426 12.61 18.18
1078 | 476 13.59 . | 22.65
10”7 5.20 14.32 |  27.05

B-12
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B.3 PHASE MODULATION
A one is sent as A sin wt and a zero as A sin (ot + ft) =
=A sin wt. The signal power is 42/2 and
P =35 (B-36)

ain T -'1—" n ] = RN » £
Again B 2T and N 2BN°, therefore,

E_ _ ST S s

Q& o= @ e @ ey x )
No No ZBNO N

Let the incoming signal when a one is sent be
A sin ot 4 nl(t) sin ot + nz(t) cos wt (B~37)

and let the receiver multiply by 2 sin (wt + ¢). Then the multiplier
output is

x(t) = 2A sin wt sin(wt + ¢) + 2n1

sin at sin(wt + &)
+ 2n2 cos wt sin(wt + ¢)

= A E:oa ¢ - cos (2wt + d)]

+n, [cos 6 - cos (20t + 6)]
+n, [sin ¢ - sin (2ut + ¢)] (B-38)

If this is passed through a low-pass filter to remove the components
at twice the carrier frequency, there results

y(t) = A cos ¢ + n, cos $+ n, sin §. (B-39)

B-13
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Then y is norﬁally distributed with mean A cos ¢ and variance
02 s E(nlz) coszd + E(nzz) sinzd = N (B-40)

Since transmigsion of a zero gives a mean of +~A cos ¢, the threshold

‘can be set at zero.

Then a Type I error occurs when <A cos ¢ + n, cos é+ n, sin > 0

or
(-]
b = f = em[ g5 2+ 4 cos 9] e (B-41)
1 2 2N » o
0 2 7N
Let z' = Z + A cos [
(W
i dz
dz' = £
'
A cos ¢
when z = 0 ‘- H
Iy
therefore,
Py = f \J;? exp (- % 2'?) az' (B-42)
A cos Q »
VN

Due to symmetry of this system

P,. =P and,therefore,

1I 1

P=P =P (B-43)

I II

B-14
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From Equation (B-36) .fﬁr =% =%
Pa f {2% exp (- 3 ) dx,
J2a cos ¢ :

If it is possible to hold ¢ = 0,

J 2
, 1 _Xx ;
P ;/T = exp ( 2 ) dx.
%

Equation (B-45) is evaluated in Table B-3.

TABLE B-3

WDL-TR2017

(B<44)

(B=45)

BIT ERROR FOR SYNCHRONOUS DETECTION OF _4;900 PHASE MODULATION

Probability of r—- a
error 2a (db) o
1071 1.28 -0.91 0.82
10°2 2.33 4.34 2.72
1073 3.10 6.84 4.81
10™4 3.72 8.42 6.93
10~ 4.26 9.61 9.09
1076 4.76 10.58 11.33
10”7 5.20 11.32 - 13.52
B-15
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B.4 FREQUENCY-SHIFT KEYING, ENVELOPE DETECTION
At the transmitter, one of two different frequencies, f1 and

f2 (f2 - f1 > 2B), is transmitted. The received signal is passed

through two bandpass filters of width 2B centered at the frequencies

fl and fz. The filter outputs are envelope detected and subtracted.

Their difference is compared to a Zero threshold.

Suppose fl corresponds to a one and the noise density (oné~sided)

is No; hence the noise power at the output of each filter is N = ZBNa.

Suppose a one is transmitted, then the amplitude, R, of the envel-
ope out of Filter 1 (signal plus noise) is distributed as

AR
pR,) = ( exp [ = (a + A ):l (B-46)

where the received signal is
§;(t) = A cos{2 xf,t + 6). (B-47)

Similarly the amplitude of the envelope out of Filter 2 (noise alone)
is distributed as

PR) = ?' exp [ 5% Ro ] (B-48)

An error will result whenever

Rl - Ro <0

or
R, >R (B-49)

B-16
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Hence
(-] [
P= f PR,) f p(R)) & | R
0 R1
[ 2 (B ol w2, 2
."f N o <N>exp[ 2% (R, +.A)]
0
o Ro Roz , » ,
. N exP \C 3y clRo de (B=50)
R ,
Congider
[- ] A (-]
f 5.2 e . _°i dR = ; E_o.z.
& N O T o TP |y R
1 1
? Rlz
= exp |- —z-ﬁ . (3'51)

Substituting Equation (B~51) in Equation (B-50)

00
r R AR -
- L L -L 2, 4%
P fNI°<N> exp[m(znl+A)]dR1
0

Now let x \I'z'nl and ar= TT

2a- X
ARl ) r T e
N N N
B-17
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- &

> moexp |- Bl 1 Ea 1T BX o |- Loex? 4 o2y | X

P expl:-lm] ZN‘I°'N exp[ZN(x +a)]\]_2.
0

Therefore

since

[ ﬁ Io <%) exp [— % (a2 + xz)] dx = 1

is the integral of a probability density over its full range.

The significant parameter in Equation (B-54) is

& _Ap_ s _st_ &

4N 2N '2'ZBN° 2N° 2N°

wia

Therefore,

'
niQ

2 2
Of course, p = %ﬁ therefore ‘Z—N -%

Equation (B-54) is evaluated in Table B-4.
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TABLE B-4 ¢
‘ BIT ERROR FOR FSK DUAL-CHANNEL ENVELOPE DETECTION éé
i Probability of eror | p=o | pze f
-1 !
10 3.22 5.06
l 1072 7.83 8.95
1073 12.44 10.96
107 17.04 12.31
l | 107> 21.64 13.37
1078 26.22 14.20
]E 107 | 30.80 14.88
{ , i
.~ B.5 ORTHOGONAL MATCHED-FILTER SYSTEMS 3
31" When separate signals of duration T and eriergy E are used to 1
. transmit ones and zeros, the system is orthogonal if
: ., fﬁo(t) sl(t) dt = 0. (B-56)
) 0
.
- Suppose the receiver multiplies the incoming signal by stored replicas
. of so(t) and sl(t), integrates, and compares the integrator outputs at

time T; this is matched-filter reception.

Suppose a zero is transmitted; the output of the channel matched
to so(t) at time T will be

Pt et

1. yo(T) - \/Iso(t) [?o(t) + n(ti] dt . (p-57) %
: }: 0 ) - ;
i while that of the channel matched to sl(t) will be Q
i
; 1
- R ACE f 51(8) [3,(8) + n(e)] de. (8-58) |
: 3‘ ' 0 {

§ ' B-19
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Since the signals and the noise are uncorrelated, the means will be

E E'O(T)] = E fsoz(t) dt = E (B-59)

0
E I:yl(T)] -0 (B-60)

For the "zero" channel

) , T T ) B
WE Eyoz('r)] - f dtl f dt:2 l}oz(tl) + so(tl)n(tl)]
0 0

N

[soz(tz) + so(tz)n(tz):l - E2+E 2 (B-61)
since
NO
E E\(tl)n(tz)] = 5 8(t, - t,). (B-62)
Therefore,
EN
o2 =E l:yoz('r)]- g2 [yo('r)] = -2-° . (B-63)

For the "one" channel

T T
02 = E [YIZ(TZ] - Efdt1 fdtz Eo(tl)sl(tl) + sl(tl)n(tl)]

N
[ao(tz)sl(tz) + el(tz)n(tz)] = E 2—9 . (B-64)

Thus the output of the channel m'avtﬁhed to the signal is normally
o
2
orthogonal channel is normally distributed with mean 0 and variance

distributed with mean E and variance E while the output of the

No
E2 .

B-20
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An error will occur if the output of the unmatched channel, Yy

exceeds that of the matched channel V'

(]
o 1 ) N
P'f I B %P |” TEN,
= (x5~ L2

In Equation (B-65), let

"
L]
<
la.
e
o

then

A

-3 X +E

Yy

—— )
EN
\l_°
2
EN s
vhen yu-d:,;-: x+ E, z=x+ J%F‘:,
o

B-21

and letting z =

PHILCO

dy

f I S S U
.| I'-EN"O P BN Yo
Yn VT 27

exp (- -% xz)

I-f = oo 33D ey, | a
) [ N d'u 2
0 2

2
G, - B

dy'n (B-65)
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Of course,

Ps= Jf ——i— exp
; N2n

This function was computed by Viterbi (Ref. B.4) as tabulated below
(Table B-5).

(- % xz)j

TABLE B-5

WDL=TR2017

exp (= % 2%) az | dx. (B-66)

(B-67)

BIT ERROR RATE FOR MATCHED-FILTER RECEPTION OF ORTHOGONAL SIGNALS

!
% Probability of error o (§S)
E 107t 1.61 2.07
1072 5.40 7.33
1073 9.55 9.80
107% 13.75 11.38
107° 17.95 12.50
1078 22.15 13.48
: 107 26.35 14.20
%
|
B-22
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B.6 BI-ORTHOGONAL MATCHEDP FILTER SYSTEMS

When a signal of duration T and energy E and its inverse are
used to transmit ones and zeros, the system is bi-orthogonal. Matched<
filter reception requires multiplicacion of the incoming signal by a
stored replica of the signal, integration, and sampling at time  T.

Suppose s(t) corresponds to a one. If a one is transmitted, the

integrator output at time T is

y(T) = f s(t) Js(t) + n’(tﬂ dt (B-68)
0 ' -

while if a zero is transmitted,
y(T) = -f s(t) {s(t) + n(t)] de. (B-69)

0

As was shown in Equations (B-59) and (B-63), y(T) is normally distributed

with mean + E and variance E;E .

An error will occur if the output of the integrator is of the

wrong sign:

dy. (B-70)

gx:E-
X ® = . (B-71)
—
2

B-23
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Then _ 25
Nb
P= f L exp (- % xz)« dx
qZﬂ
-0
[+
- Jf L exp (- % x%) ax (B-72)
q2ﬂ

Viterbi has also computed this case as tabulated below in Table B-6.

TABLE B-6

BIT ERROR FOR MATCHED-FILTER RECEPTION OF BI-ORTHOGONAL SIGNALS

Probability of error «

[+
, (db)
107} 0.82 -0.91
10”2 2.72 4.34
10°3 4.81 6.84
107 6.93 8.42
107 : 9.09 9.61
1078 11.33 10.58
1077 13.52 11.32
B-24
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